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 Uranium is recognized to be a critical commodity in the context of satisfying the global 
energy-demands for the twenty-first century and beyond.  In 2013, a significant supply gap of 
17% between worldwide production and consumption of uranium was identified.  Consequently, 
low-grade uranium-bearing limestone rock, including mining waste, may represent a significant 
future uranium-resource, provided an economically-viable method of extraction is developed.  
Alkaline leaching of uranium from limestone media has been practiced extensively in the past; 
however, cutting-edge research during the last 20 years has been rather meager.  The research 
reported in this thesis is an investigation into the use of an alternative gaseous oxidant 
(oxygen/ozone), which may serve to improve the economics of alkaline leaching; specifically, 
heap leaching. 
 
 Components of the research include the employment of computational software 
(PHREEQ), which allowed the equilibrium distribution of the aquo-species in solution to be 
determined, as well as solubility behavior of candidate condensed-species (precipitates). Also, 
two suites of leaching experiments were performed, one with synthetic UO2 particles, which 
served as a model system, and the other with comminuted uranium-bearing Todilto limestone.  
The aqueous-phase lixiviant for each was comprised of 40 gpl Na2CO3 and 15 gpl NaHCO3.  The 
invariant leaching-configuration was: continuously-stirred batch-reactor with the ratio of 
uranium-bearing particulate-source to aqueous-phase such that a hypothetical-maximum uranium 
concentration in solution of 1.0 gpl (0.0040 molar) could be achieved.  The duration of the two 
suites of experiments was 48-hours and 72-hours, respectively.  A robust two-parameter non-
linear function, Recovery (%) = 100 [1− exp(−a •(t^b)], was formulated to regress (smooth) the 
data acquired from the leaching experiments. The regressed-equations (containing optimal values 
for the parameters “a” and “b”) served as a quantitative tool for relative assessment of the 
leaching-rate characteristics of each member-experiment within a suite of experiments 
performed. 
 
 The work reported in this thesis is considered to be a significant contribution to the 
knowledge-base required for planning cost-effective strategies for uranium recovery from low-
grade alkaline uranium-bearing resources.  Additionally, it provides process-engineers with 
information for developing appropriate recovery-methods (flowsheets), while at the same time 
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 1.1      Executive Summary 
 
  Uranium has been identified to be a critical commodity in the context of 
satisfying the global energy-demands for the twenty-first century and beyond.  This realization is 
premised on the forecast that global electrical-generation provided by nuclear energy is expected 
to increase from 2.6 trillion kilowatt-hours in 2008 to 4.9 trillion kilowatt hours by 2035.  A 
significant supply gap of 17% now exists between worldwide production and consumption of 
uranium.  Consequently, low-grade uranium-bearing limestone rock, including mining waste, 
may represent a significant future uranium-resource, provided an economically-viable method of 
extraction is developed.  Although alkaline leaching of uranium from limestone media has been 
practiced extensively in the past, low uranium prices have contributed to the reason that research 
conducted during the last 20 years, has been rather modest.  This shortcoming presented the 
opportunity for an investigation into the use of alternative (gaseous) oxidants which might serve 
to improve the economics of alkaline leaching; specifically, heap leaching.  A preliminary 
literature review served to identify a need to reassess both the qualitative and quantitative 
robustness of leaching-models for these systems that were established during the thirty years 
starting in the 1950’s. 
 
 The work conducted, and reported in this thesis, was therefore the outcome of a 
research project formulated to re-examine the fundamental-principles associated with the 
recovery of uranium from uranium-bearing resources (e.g. ores and mining waste).  It was 
anticipated that improvements in leaching performance could be achieved by appealing to recent 
(twenty-first century) advances in the understanding of underlying physicochemical-principles in 
hydrometallurgy and related fields.  The primary focus of the investigation was the leaching of 
low-grade uranium-bearing alkaline-rock in alkaline aqueous-solution with injection of 
oxygen/ozone mixture serving as (gaseous) oxidant.  However, in order to establish base-line 
2 
leaching-performance, particulate synthetic-UO2 (a model system) was also selected as one of 
the uranium bearing sources, in addition to uranium-bearing (Todilto) limestone-rock. 
 
 One of the components of the research-project included the application of modern-era 
equilibrium-speciation software (PHREEQ).  Thus, numerical computation could be performed 
to establish the concentration of prominent aquo-species in alkaline solutions corresponding to 
that which would be produced by leaching of each of the two uranium-bearing sources 
investigated.  It is then possible to analyze, semi-quantitatively, the role these species play during 
the leaching process.  Concomitantly, solubility behavior of candidate condensed-species 
(precipitates) was also quantified. These computations, therefore, are capable of providing an 
essential knowledge-base component for developing optimal-strategies for processing of leach-
solutions, delineating waste-streams from leaching-processes and ultimately evaluating recovery-
methodologies. 
 
1.2      Introduction 
 
 Electrical consumption has been correlated to an improved standard of living.  
Researchers at the United Nations have shown that people in countries where the electrical usage 
is at least 4,000 kWh per person per annum enjoy higher incomes, longer lifespans, and greater 
literacy rates (Pasternak 2000). Among the Organisation for Economic Co-operation and 
Development (OECD) high income countries, the average electrical use ranges from 4,280kWh 
(Hungary) to 53,000 kWh (Iceland) per person per annum (CIA 2011). The U.S. Energy 
Information Administration has projected that worldwide electricity generation will increase 
84%, from 19.1 trillion kilowatt hours in 2008 to 35.2 trillion kilowatt hours in 2035 (EIA 2011). 
 
 Uranium is a critical commodity in regard to satisfying the global energy-demands for the 
twenty-first century and beyond.  Global electrical generation provided by nuclear energy is 
expected to increase from 2.6 trillion kilowatt hours in 2008 to 4.9 trillion kilowatt hours in 2035 
(EIA 2011).  Although the percentage of electricity provided by nuclear worldwide is expected 
to decline from its current value of 13.5% to 6.2% in the low case or remain constant at 13.5% in 
the high case, the total installed capacity is expected to increase from 375 gigawatt-electric 
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[GW(e)] to 501 GW(e) in the low case and 746 GW(e) in the high case by 2030 (IAEA 2010). 
New reactors built in East Asia are expected to represent the largest increase in nuclear power.  
As of September 2010, China had 12 operational nuclear reactors and 25 reactors under 
construction.  By 2020, the Chinese Nuclear Energy Board has projected that nuclear power 
would provide 5% of China’s energy needs which would require a generation capacity of 60,000 
megawatt-electric [MW(e)] (Zhou et al. 2011).   
 
 Given these trends, it was therefore considered appropriate to devote a section in this 
thesis to details concerning nuclear generation of electrical energy because of the potential role 
of uranium extraction and production in this probable future scenario.  This section is provided 
as Appendix A1.  
 
 In 2011, global uranium production amounted to approximately 56,000 tonnes U (tU), 
which represents only 83% of the global demand which is approximately 67,400 tonnes U 
(WNA, 2011). Currently, the difference between supply and demand is made up by drawing 
down existing stockpiles of uranium. The International Atomic Energy Agency has estimated 
that by 2050 global demand for uranium will “increase to between 87,370 tU/year in the low 
case and 138,165 tU/year in the high case” (IAEA, 2009). Worldwide identifiable resources of 
uranium recoverable at less than USD 130/kg U have been estimated as 5,404,000 tU and 
6,306,300 tU recoverable at USD 260 kg/U(IAEA, 2010). 
 
 The uranium supply gap will foster a situation such that producers will be seeking lower 
grade and unconventional sources of uranium ore.  Lower-grade ores are characterized as either 
having a low uranium content (less than 0.1% U3O8) or characteristics that make them expensive 
to process.  These characteristics include a high calcium carbonate content (greater than 10%), 
refractory nature, or high content of organics (Civin and Belsky 1966). 
 
 One such low grade source of uranium exists in the form of uranium mining waste. Based 
on a database containing information on 4,000 mines, the United States Geologic Survey 
(USGS) has estimated that three billion tons of uranium mining waste exist in the United States 
(Otton, 1998). Although the Environmental Protection Agency (EPA) does not provide a specific 
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estimate of the amount of this source of uranium in the United States, the EPA reports that USGS 
estimates may be understated, based on the EPA database which is comprised of data collected 
from over 15,000 mines in 14 western states (EPA 2008).  
 
 The economics of uranium recovery from low-grade ore cannot be predicted with any 
certainty, due to market volatility.  Companies like Cameco, that produce uranium from high-
grade ores (up to 17% U3O8) can depress the price of uranium dramatically by increasing 
production from existing mines.  In 2012, Cameco produced 21.7 lbs of uranium oxide, and 
plans to increase production to 31.1 million lbs by 2016 (Cameco 2102). This market volatility, 
along with low (2012-2013) prices has stalled uranium projects such as BHP Billiton’s Olympic 
Dam Uranium Project.  BHP Billiton announced in August, 2012 that it was canceling plans for a 
multi-billion dollar expansion at Olympic Dam, citing low commodity prices (BHP Billiton 
2012).  
 
1.3 Justification for the Research Reported in this Thesis 
 
 During the 1950’s, and until the 1970’s, many small uranium mines operated without 
adequate environmental regulations, and as a result, serious health and environmental issues 
were allowed to develop.  One of the most serious legacies is the large amount of mining waste 
that has accumulated on public lands, mostly in the Western United States. The remediation of 
this uranium mining waste has historically been focused on high profile sites that pose an 
immediate threat to public health. To date, remediation efforts have either involved removal of 
the waste and disposal in low-level radioactive-waste landfills, or onsite internment. The cost of 
remediating abandoned uranium mines ranges from approximately $2,300 per hectare to 
$269,500 per hectare, according to a Department of Energy/Energy Information Administration 
study (DOE/EIA 2000).  Reclamation, of some of the larger uranium mines, has cost as much as 
$14 million, and $45,000 or less smaller mines (EPA 2008). 
 
 With the (2013) uranium spot price stabilizing at approximately $95 per kilogram, an 
economically feasible opportunity may exist to economically recover the uranium and vanadium 
contained in mining waste by heap leaching in conjunction with ion exchange.  Sandstone-hosted 
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uranium deposits, which are typically low in carbonates, are usually leached using sulfuric acid.  
However, uranium-bearing rock containing greater than 12% calcium carbonate cannot be 
economically leached using acid due to the high acid consumption by the carbonate minerals 
present in them (EPA 2008).   With these high-lime rocks, an alkaline (carbonate) lixiviant must 
be used.  Carbonate leach-rates (at ambient pressure and temperature) are generally lower 
compared to acid leaching, which impacts the viability of carbonate-leaching as a heap-leach 
recovery processing-strategy.  
 
 It was envisioned that the contribution provided by this research would be the elucidation 
of the mechanisms and realization of rate-enhancement in alkaline leaching as it relates to the 
oxidant employed in the process -- specifically, the enhancement of the leaching-rate of uranium 
dioxide powder and uranium-bearing rock provided by ozone under alkaline leaching conditions. 
 
1.4 Objective of the Research Undertaken 
 
 During the last fifty years, several investigations have been reported in published 
literature on uranium leaching with the use of oxidants such as oxygen, sodium hypochlorite, 
hydrogen peroxide and ozone [Schortmann and DeSesa (1958), Magno and DeSesa (1957), 
Milbourne (1979), Peper (2004)].  These studies have included both alkaline-and acid-based 
processing strategies. However, for the most part, it is apparent that they lack a robust modeling 
framework as evidenced by the various mathematical-modeling formulations presented, which 
incorporate parameters that are not related to the physiochemical-phenomena intrinsic to the 
leaching system.  Investigations of the enhancement provided by ozone in the dissolution of 
uranium-dioxide powder (an idealized ‘model’ system) in alkaline media have not been 
published in the open literature. Also, there is only meager published data concerning the 
mathematical-based computational-modeling of the distribution of chemical species present in 
the aqueous leach-solutions employed in these systems.  
 
 The research conducted and reported in this thesis has sought to improve the existing 
knowledge-base of the role of gaseous oxidants on the leaching rate of uranium-bearing 
constituents in aqueous alkaline solutions.   
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1.5 Scope of Research 
 
 The scope of this research into the recovery of uranium by leaching of uranium‐bearing 
resources (e.g. ores and mining waste) encompasses a range of topics related to the discipline of 
hydrometallurgy. The mineralogy of the uranium-bearing rock  or the physicochemical 
characteristics of the uranium‐bearing entity is a primary assessment in this regard. 
 
 Additional topics include fundamentals of aqueous chemistry and specifically the 
(equilibrium) solubility behavior of the several oxidation‐state uranium aquo‐species, for a range 
of system configurations.  Robust computational‐strategies for obtaining (numerical) 
quantification of the chemical‐species distribution in hydrometallurgical‐systems is a relatively 
recent (twenty‐first century) development that now allows for the incorporation of tenable 
mathematical‐ models that accurately (within the limits of the thermodynamic data‐bases) 
describe a specified system‐configuration. Concomitantly, the dissolution‐rate behavior 
associated with the leaching of the uranium‐bearing entity (entities) is inextricably tied to this 
solubility behavior. The lixiviant to be selected and the chemical characteristics of an oxidant 
(ozone in this instance) to provide for the requisite (oxidation) conditions in the system represent 
‘design’ aspects that rely on knowledge‐bases that are incomplete to achieve this objective. 
 
 Furthermore, strategies for analyzing the leaching behavior provide the basis for 
elucidating the mechanisms that contribute to the observed rate‐behavior. The rate‐behavior is 
derived from (designed) batch and column laboratory‐experiments and pilot‐plant campaigns. 
 
 The research to be conducted, and which, subsequently, has been reported in this thesis, 
was expected to provide (primarily) a valuable contribution to the knowledge‐base on the 





1.6 Research Conducted 
 
 The research reported in this thesis has been devoted to investigating the dissolution-rate 
characteristics of uranium dioxide (a ‘model’ system) and a uranium-bearing rock, when leached 
in an aqueous alkaline carbonate-solution (electrolyte) at ambient pressure and temperature (~ 80 
kPa and ~ 22 °C).  The uranium-bearing rock,  (‘Todilto Limestone’) used in the experiments 
was sourced from the Zia Mine area in Grants, New Mexico.  Experiments were conducted 
employing a laboratory scale system.  Gaseous oxidant was injected into the aqueous solution at 
a rate in excess of that commensurate with the leaching-rate observed.   
 
The following system variables were monitored and recorded:  
 
1.  temperature 
2.  barometric pressure 
3. pH 
4. Eh (oxidation potential) 
 5. oxygen concentration in the aqueous phase 
 6. ozone concentration in both the gas- and aqueous-phase.  
 
  The concentration of uranium in the electrolyte was determined by Bromo-PADAP and 
X-Ray fluorescence methods.  The results were corroborated for ‘statistical validation’ by 
fluorometric and mass spectrometric co-analyses performed at commercial laboratories. 
 
 The uranium-bearing rock selected was characterized using alpha-track radiography and 
optical microscopy.  In addition, the uranium-bearing rock and the leached solid-residue were 
also characterized by employing Scanning Electron Microscopy (SEM) in conjunction with 
Energy Dispersive Spectroscopy (EDS).  Imaging performed by SEM was conducted in the 
back-scatter mode, in order to distinguish between high and low atomic-number element 
constituents.  In general, this imaging provided details regarding the morphology of the uranium-
bearing particulate-phase selected for leaching.  Calcining (roasting) of the Todilto Limestone 
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was performed to determine whether this pretreatment was significant in enhancing the leaching-
rate/recovery compared to the untreated uranium-bearing rock . 
 
 A no-cost computer software (freeware) application, PHREEQC, provided for simulation 
of the equilibrium species-distribution associated with a specified system-configuration. This 
simulation tool consists of robust computational-strategies for obtaining numerical quantification 
of the chemical-species distribution in aqueous systems.  The software incorporates tenable 
mathematical-models that describe the speciation accurately (but nonetheless constrained by the 
‘reliability’ of the thermodynamic data-bases employed), including whether the saturation limit 
is exceeded for a defined system-configuration.  Solubility limits and thus upper-limits on the 
dissolved concentration of valence 6
+
 uranium could then be established. 
 
 The experiments-based investigation included determination of the leaching-rates for a 
range of partial pressures of the oxidant in the gas phase in contact with the aqueous electrolyte, 
or a range of concentration (as measured) in the electrolyte.  Regression analyses, based on 
several existing models that were developed for fluid-solid reactions, were conducted on the 
measured rate-data.  However, the correlation obtained was found to be rather poor.  
Subsequently, a dual-exponential function was devised which provided for excellent fit 
(regression) of the measured rate-data.  This not withstanding, numerical values of the two fit-
parameters associated with a specific leaching-configuration could be correlated to the physical 
characteristics of the uranium-bearing particles being leached. 
 
 Mass-balance accounting was performed on companion elements contained in the 
uranium-bearing rock and which reported to the leach-solution.  Quantitative elemental-
chemical-analyses of the leach solutions were performed by inductively coupled plasma mass 
spectrometry (ICP-MS).  The concentration of these elements in solution could be correlated to 
their respective concentrations in the particulate-phase being leached, as well as to the 





1.7 Original Contributions 
 
 This study offers a valuable contribution to the knowledge‐base on the leaching of 
synthetic uranium dioxide and low-grade uranium-bearing rock in alkaline solutions with ozone 
as the oxidant.  Specifically, data concerning leaching-rates and recoveries using this alternative 
oxidant were obtained and evaluated. Experiments involving the utilization of air and oxygen as 
oxidants have been reported on in previously published literature; however there is no data 
concerning the leaching-characteristics of uranium-bearing materials using ozone injection in 
alkaline solutions.  The research performed for this thesis has provided a better understanding of 
how oxygen-ozone injection may increase leaching rates and recoveries in an alkaline heap leach 
system. 
 
  Previous research (1950’s – 1970’s) on uranium leaching did not have available 
sophisticated computational equilibrium-speciation capabilities that exist today.  The utilization 
of  modern equilibrium-speciation (PHREEQ) software has made it possible to identify and 
elucidate prominent aquo-species in alkaline solutions generated from the leaching of uranium 
dioxide and uranium-bearing limestone rock. This characterization was useful in that it provided 
an economic method of planning leach-strategies in advance of the batch leaching experiments. 
 
 Computational regression-codes that allow for numerical-correlation of leaching-rate data 
were not readily available until the last two decades preceding the work performed for this thesis. 
Another significant original contribution made by this work is presented in the application of  
nonlinear regression analysis (ZunZun software) employed.  The regression analysis was shown 
to be a valuable tool in discerning subtle differences noted due to the effect of different injected-
oxidants on the leaching-rates of uranium dioxide and uranium-bearing limestone rock in 
alkaline solutions. In addition, parameters were developed which allow for quantification of the 





1.8 Research Methodology 
 
 The  uranium-bearing limestone rock selected for study was sourced from the Grants 
Ridge Project Site, Grants New Mexico.  The locality and limestone rock was selected primarily 
in conjunction with an opportunity to advance the knowledge-base of alkaline heap leaching 
technology in advance of pilot scale leaching trials proposed by a mining company.  Synthetic 
UO2 was selected as a ‘reference material’ for a series of experiments that were performed to 
‘calibrate’ the results of the subsequent uranium-bearing limestone rock experiments.   
 
 A literature search revealed that ozone had been utilized as an oxidant for the extraction 
of copper and tin from ore slurries. The literature search also revealed a lack of sophistication in 
previous attempts to describe the speciation of uranium leach solutions.  Attempts were made to 
develop a speciation-calculation code in the computer language “QBasic”.  The code developed 
was shown to be inadequate for calculating the speciation of complex leach solutions that exist 
when uranium-bearing rocks are leached with alkaline reagents.   A survey of the available 
computer software showed ‘PHREEQC’ to be a suitable tool for equilibrium speciation 
calculations. 
 
 The speciation calculation provided data as to what pH and Eh (ORP) could be expected 
in an alkaline leach solution; and also predicted full dissolution at equilibrium.  A laboratory 
leaching apparatus with gas-injection capabilities was constructed.  Synthetic uranium dioxide 
was sourced from a commercial supplier and characterized by sieve analysis and X-Ray 
diffraction.  The uranium-bearing limestone rock was comminuted and characterized by sieve 
analysis and three methods of uranium analysis.  Batch leaching experiments were performed on 
the synthetic uranium dioxide and limestone rock utilizing a suite of oxidants.  The data was 
initially analyzed by use of ‘classic’ leaching equations and computational-based regression 
analysis.  These ‘classic’ equations were rejected as non-ideal and a two-parameter exponential 
equation developed to provide for a more suitable ‘fit’.  Parameters were developed to quantify 
the leaching-behavior of the materials and provide correlation with the concentration and type of 
gaseous oxidants employed. 
 
11 
1.0  Organization of Thesis 
 
 This introductory chapter, Chapter 1, provides a background regarding the importance of 
uranium extraction-and-production in the context of production of electrical energy by nuclear 
generation.  The scope of the research embodied under the topic of extraction and production of 
uranium is then outlined.  This is followed by the primary objectives of the research conducted.  
The last section in Chapter 1 describes how chapters of the thesis have been organized. 
 
 Chapter 2 presents a literature review of research related to the leaching of uranium 
dioxide and uranium-bearing rock in alkaline media.  Also included is information concerning 
pilot-scale and commercial-scale heap-leach operations, and a detailed description of the geology 
of the Todilto Formation and mineralogy of the Todilto Limestone. 
 
 Chapter 3 provides a review of the theoretical aspects of the leaching process, including 
electrochemical mechanisms that have been developed for modeling leaching-behavior of 
uranium-bearing rocks. 
 
 Details of experiments conducted for the research are presented in Chapter 4. Included are 
the procedures and equipment employed in the leaching experiments performed. 
 
 Chapter 5 is devoted to the analysis of the data acquired by performing the experiments 
described in Chapter 4.  The results derived from these data-analyses are subsequently 
interpreted and discussed. 
 
 Chapter 6, the conclusion of the thesis, provides a critical retrospective of the outcome of 
the research conducted.  The final sections of this Chapter provide enumerated conclusions and 







LITERATURE SURVEY AND REVIEW 
 
 This literature review is focused on the previous research related to the mining and 
processing of uranium-vanadium ores. A brief background on the historical demand for uranium, 
extractive metallurgy techniques, and heap leach case studies will be given. A review of the 
geology and mineralogy of the Todilto Limestone (used in the experimental work for this thesis) 
will be presented.  In addition, information concerning the theories surrounding the mechanisms 
that control oxidation and dissolution of uranium in alkaline solutions will be reviewed.  A short 
history of uranium mining and processing in Colorado will be presented as uranium mining and 
milling has been an important area of research at the Colorado School of Mines. 
 
2.1 Market Forces and Uranium Demand 
 
 Before World War II created a demand for uranium for use in nuclear weapons, uranium 
had limited applications which limited demand.  The United States Government recognized the 
strategic importance of uranium as a component in nuclear weapons, and initially encouraged 
uranium production as a national security measure.  The U.S. Atomic Energy Agency created a 
price support system which significantly expanded exploration and mining for uranium ore.  This 
program operated from 1950 to 1966.  As the commercial reactor fleet in the U.S. expanded, 
uranium demand continued to grow.   In the 1970’s, the price of uranium increased further as 
concerns over the OPEC oil embargo made nuclear power more attractive (Figure 1). Uranium 
production in the U.S. peaked around 1980.  Factors such as low electricity prices, high reactor 
construction costs, and the nuclear accident at Three Mile Island Nuclear Power Plant caused the 
utilities to cancel most existing nuclear reactor orders in the time period 1971-1985 (Koomey 
2011). 
 
The U.S. government signed an agreement with Russia in 1994 to reprocess 500 tonnes 
of uranium from Russian nuclear warheads.  As of February 2011, the ‘Megatons to Megawatts’ 
program had recycled 442 tonnes of highly enriched uranium into low enriched fuel suitable for 
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nuclear power use (United States Enrichment Corporation 2012).  The program helped keep 
uranium supply high and prices low throughout the 1990’s and early 2000’s.  The Megatons to 
Megawatts contract is planned to expire in 2013. 
 
 
Figure 2.1 – World Uranium Production and Demand 
          Source: World Nuclear Association (2012) 
 
  
 During the mid 2000’s, uranium prices began to rise from the historic lows of the 1990’s 
(Figure 2). The rise in price has been attributed to a gap between supply and demand, as well as 
speculation by investors. Uranium prices peaked at approximately $300/kg U3O8 in 2007.  
Uranium prices have since decreased and have stabilized in the $88/kg - $110/kg range.  At this 
price, however, many uranium mining projects are still profitable.  Total production in the U.S. 
was 4.1 million pounds in 2011 (EIA 2012).  
 
2.2 Colorado Uranium Production 
 In the years 1898 to 1923, Colorado uranium mines produced approximately 61,000 
tonnes of carnotite ore (K2(UO2)2(VO4)2·3H2O) for use in radium production (Amundsen, 2002).   





Figure 2.2 – Uranium Spot Prices 1988-2012 (US$/lb) 
          Source: The Ux Consulting Company (2012) 
 
demand in World War I.  Vanadium production kept the mines open in Southwestern Colorado 
after the collapse of the domestic radium industry in 1921.  Prior to 1946, the uranium-vanadium 
mines of Colorado produced 577,000 tonnes of carnotite ore at a weighted average grade of 1.9 
percent vanadium oxide (V2O5) (Chenoweth, 1981).   The post war demand for uranium 
expanded production from Colorado mines and mills.  One of the largest mills in Colorado, the 
Union Carbide Mill, produced 10.8 million kilograms of uranium oxide (U3O8) and 55.9 million 
kilograms of V2O5 between 1947 and 1970.  The Schwartzwalder Mine in Jefferson County 
started producing ore in 1953 at an average grade of 0.48% U3O8. The ore was milled by the 
Cotter Corporation in Canon City, Colorado. Approximately 7.7 million kilograms of U3O8 was 
produced until the mine closed in 2000 (Cappa 2006).   
 
 The Colorado Geologic Survey reported that the Cotter Corporation produced  116,000 
kilograms of U3O8 from four mines in the Uravan Mineral Belt in 2005. The Denison 
Corporation produced a limited amount of ore from its mines in San Miguel County to feed its 
mill in Blanding, Utah from 2007 to 2009.  No uranium production in Colorado has been 
reported after 2009. Energy Fuels Corporation (Toronto, Canada) acquired Denison’s U.S. 
operations in June, 2012 (CDRMS 2012). 
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2.3 Extractive Metallurgy of Uranium-Vanadium Ores  
 
 The three main types of uranium recovery from ore are conventional milling, in-situ 
recovery, and heap leaching.  Conventional milling involves crushing and grinding the ore, 
leaching the ore with alkaline or acid solutions in tanks, purification and concentration with ion 
exchange or solvent extraction, precipitation, and high temperature drying (calcining) of the final 
product (yellowcake). In-situ recovery involves injecting alkaline or acid reagents into permeable 
uranium deposits, loading the uranium onto ion exchange resin, precipitation, and calcining of 
the yellowcake.  Heap leaching is a method where low grade uranium ore is placed in a heap 
upon an impermeable pad and sprinkled with acid or alkaline solutions.  The uranium is 
recovered by solvent extraction or ion exchange, precipitated, and calcined.   
 
 Acid leaching is preferred for low-lime ores due to faster leaching kinetics. Sulfuric acid 
is used almost exclusively in conventional uranium milling because of its low cost and 
compatibility with ion exchange recovery (Merritt 1971). Alkaline leaching is used when the ore 
contains a high carbonate content.  The advantages of the alkaline leaching process include 
higher selectivity and a lower corrosivity than acid leaching.  Sodium hydroxide can be used to 
precipitate uranium yellowcake directly from a carbonate leach solution.  Small amounts of 
vanadium may co-precipitate with the uranium if the leach solution originated from the 
processing of ores containing carnotite (Merritt 1972). 
 
 Early processing of uranium ores utilized acid leaching to dissolve the uranium and 
vanadium present in high grade ores.  Co-precipitation of a uranium-vanadium product was 
achieved using sodium carbonate.  This combined (co-precipitated)  product contained 12% 
U3O8 and 12% V2O5 (Seidel, et al. 1980).  The Haynes-Engle carbonate leach extraction 
procedure made it possible to efficiently extract uranium and vanadium from lower grade 
sandstone ores.  Extraction was accomplished by crushing the ore and agitating the pulp in a 
solution of boiling sodium carbonate or potassium carbonate.   A significant feature of the 
Haynes-Engle process was that the vanadium was separated in the milling process.  The uranium 
was selectively removed as a sodium diuranate precipitate by the addition of sodium hydroxide. 
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The vanadium was subsequently precipitated as calcium vanadate from the supernatant by the 
addition of calcium hydroxide [Haynes and Engle (1906), Moore and Lithil (1913)].  
 
2.3.1  Conventional Alkaline Leaching of Uranium  
 
 Conventional milling of uranium involves the following steps: 1) crushing and grinding 
2) leaching 3) concentration and purification and 4) precipitation.  Alkaline carbonate leach 
flowsheets are selected when the ores to be processed have a high carbonate content.  For 
example, the Anaconda Bluewater Mill in New Mexico was designed to treat high-lime ores 
from the Todilto formation which contain up to 80% calcium carbonate (Clegg and Foley 1958).   
These ores preclude the use of acid leaching due to excessive reagent consumption. For 
carbonate leaching to be economic, the ore must be finely ground to liberate the uranium 
containing minerals from the gangue.   In alkaline milling, a grind size of minus 75 µm is 
common. The leach step involves contacting the finely ground ore with the leach solution in 
pressurized vertical tanks (Pachucas) or horizontal autoclaves.  Oxidizing conditions must be 
maintained in the leach pulp to properly oxidize any UO2 present in the ore.  Historically, these 
conditions have been attained by raising the oxygen partial pressure of the atmosphere over the 
leach pulp.  Pilot plant studies have shown that autoclave leaching at temperatures of up to 345  
kPa (gauge) and 120°C can reduce the leaching  times by a factor of 20 (Beverly et al. 1957). 
The Atlas Minerals Mill in Moab, Utah featured an alkaline resin-in-pulp (RIP) process to treat 
ores with high vanadium values. Leaching of the ore was performed in autoclaves at 
approximately 121°C and 430 kPa (gauge) (Merritt 1971). 
 
2.3.2 Ore Pretreatment 
 
 In some cases, ores may benefit from pretreatment techniques to improve uranium and 
vanadium recovery.  Solubility of the uranium in ores can be enhanced by heating or ‘roasting’ 
the ores prior to leaching.   The addition of sodium chloride to the ore and subsequent roasting 
can increase recovery by forming soluble uranium and vanadium compounds.  In addition, 
organic carbon containing constituents are volatilized and clay minerals are converted to forms 
that interfere less with settling and filtration (Wheeler et al.  1954). 
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 Richardson et al. (1949) found that extraction of uranium from ores containing  carnotite 
was improved by roasting the ores to a temperature of 200°C.  Halpern et al. (1957) report that 
temperatures exceeding 650°C cause calcium carbonate (CaCO3) present in the ore to decompose 
into calcium oxide (CaO) and carbon dioxide gas (CO2).  The CaO reacts with the uranium in the 
ore to form calcium uranates and calcium uranyl silicates, which are relatively insoluble in 
carbonate leach solutions.  A roasting temperature range of 500 to 600 °C resulted in a 
subsequent carbonate leach extraction efficiency of 90% to 95%.  Halpern et al. (1958) assert 
that “Such roasting is adequate to confer satisfactory settling and filtering characteristics and 
destroy carbonaceous impurities”.  A salt-roast process for ores with high vanadium values was 
piloted at Monticello, Utah in the mid 1950's (Clegg and Foley 1958).  At the mill, operated by 
the Vanadium Corporation of America (VCA) and Metals Reserve Company (MRC), operators 
mixed sodium chloride with the ore at amounts up to 9%.   Sufficient vanadium pentoxide was 
added to ensure a 10:1 ratio of V2O5 to U3O8; thereby ensuring that complex sodium uranyl 
vanadates were formed during roasting.  The ore was roasted at temperatures up to 840°C.  The 
ore was comminuted and leached with a carbonate solution for 9 hours, dissolving the complex 
sodium uranyl vanadates.  The pH of the carbonate solution was adjusted to 6 with sulfuric acid, 
which precipitated a uranium-vanadium product, referred to as ‘artificial carnotite’.  The 
precipitate was filtered and dewatered. The ‘artificial carnotite’ was fused at a high temperature 
with sodium carbonate, sodium chloride, and sawdust, which resulted in the formation of an 
insoluble uranium product (UO2) and a soluble vanadium compound. The vanadium was leached 
with a carbonate solution, and the solution was adjusted with sulfuric acid to a pH of 2.5; which 
precipitated the vanadium as V2O5 .  The V2O5 precipitate was fused to a powder called ‘black 
cake’ (Clegg and Foley 1958). 
 
 Flotation has been used to enhance recovery by removing gangue minerals in the mill 
feed.  In addition, valuable minerals can be separated from the mill feed.  Examples include the 
Eldorado Mill in Canada (Behan 1956) and the Cotter Corporation Mill in Canon City, Colorado.  
Between 1958 and 2000, the Cotter Mill processed ore containing between 0.6% to 1.2% U3O8 
from the Schwartzwalder Mine in Colorado. In order to increase uranium recovery and reduce 
reagent consumption, flotation cells removed sulfide minerals from the pulp prior to leaching.  
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Alkaline leaching was performed in air sparged (steam-jacketed) Pachuca type tanks at 
atmospheric pressure and a temperature of 78°C. Later additions to the mill included autoclave 
vessels for pressure leaching.  The uranium slurry was first dewatered and water-washed to 
remove sodium.  The dewatered slurry was dissolved in a sulfuric acid solution before final 
precipitation with ammonia (Merritt 1971).  The mill circuit was modified in the late 1960’s to 
add an acid leaching capability (Cotter Corporation 2012). 
 
2.3.3 Alkaline Flowsheet Concentration and Purification 
 
 As carbonate leach solutions are more specific for uranium and vanadium than acid leach 
solutions, sodium hydroxide precipitation has been used to recover uranium directly from the 
leach solution.  The addition of sodium hydroxide causes the precipitation of sodium diuranate.  
An advantage of this process is that it allows for the reuse of the leach solution.  The leach 
solution can be regenerated by the addition of bicarbonate or by sparging the leach solution with 
CO2 from boiler flue gases.  A disadvantage of the direct precipitation method is that recovery is 
not highly efficient due to the stability of the uranyl tricarbonate ion (Merritt 1971).  
Concentrations above 10 grams per liter Na2CO3 interfere with the precipitation process 
(Forward and Halpern 1954). 
 
 The utilization of low-grade uranium ores creates large volumes of leach liquors with 
a relatively low uranium content.  Modern alkaline leaching flowsheets utilize ion exchange 
technology to concentrate and purify these low grade leach solutions. Ion exchange resins consist 
of an organic polymer substrate with a porous surface that contains sites which have the ability to 
trap and discharge ions.  For uranium processing, quarternary ammonium anion-exchange resins 
are used to extract the uranyl dicarbonate and uranyl tricarbonate ions from the carbonate leach 
solution.  The uranium complexes are desorbed from the resin by concentrated chloride or 
carbonate solutions.   Examples of conventional milling facilities that have utilized ion exchange 
resin include the Moab Atlas Mill (Painter 1958), and Langer Heinrich in Namibia (Borshoff, 
2009).  The Langer Heinrich Uranium Project, operated by Paladin Energy, is located in the 
Namib Naukluft Desert, 180 km west of Windhoek, the capital of Namibia.  The property 
consists of a surficial calcrete mineral deposit covering 44 square kilometers.  The mineralization 
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is primarily carnotite.  Paladin reported that 2011 production was 1.6 million kilograms U3O8 
(Paladin Annual Report 2011).  
 
  In addition to conventional alkaline milling, alkaline in-situ facilities such as the Smith 
Ranch Mine in Wyoming utilize ion exchange resin for purification and concentration of 
uranium from pregnant leach solutions containing 20 to 90 milligrams per liter (mg/L) uranium 
(Freeman and Stover 1999).  
 
2.3.4 Uranium Acid Heap Leaching 
 
 Heap leaching is used for recovery of meals from uranium-bearing rock  that is 
considered too low grade for conventional milling. Heap leaching has been practiced since the 
mid sixteenth century, when miners in Hungary extracted copper from-low grade ores.  In the 
1700's, copper oxide ores were treated by heap leaching on the banks of the Rio Tinto in Spain.  
By the 1900's, heap leaching was commonplace for copper.  In the 1960's, the Carlin Gold 
Mining Company pioneered a cyanide heap leach for gold in northern Nevada.  
 
 Heap leaching has long been an attractive option for the recovery of base and precious 
metals due to its low capital and operating expenses.  Other advantages include reduced 
crushing/grinding costs, simplified solid/liquid separation, and the lack of a large tailings dam.  
These advantages apply to the heap leach recovery of uranium, as well.  Acid heap leach projects 
include the Maybell project in Northwestern Colorado, Western Nuclear Gas Hills in Wyoming 
(Woolery 1978), and Agnew Lake in Canada (Thomas 1978).  Low uranium prices in the 1980's 
and increasingly strict environmental regulations halted the use of heap leaching technology for 





 In 1979, the Durita heap leach operation near Naturita, Colorado, produced 154,000 
kilograms of U3O8 and 726,000 kilograms of V2O5 from 544,000 tonnes of tailings from a 
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former vanadium mill.  The average concentration of U3O8 in the feed was less than 0.05% and 
the vanadium concentration was about 0.3% (Zambrana and Heath 1980). 
The material was first agglomerated using sulfuric acid in a rotating drum, which improved the 
permeability of the material and the solubility of the vanadium.  The material was subsequently 
leached in 6.4 million cubic foot leach ponds. A recovery of 72% U3O8 and 45% V2O5 was 
reported. 
 
2.3.5  Pilot Scale Alkaline Heap Leaching of Uranium 
 
Hungarian Heap Leach 
 
 A series of pilot scale alkaline heap leaches were tested in Hungary from 1966 to 1980. 
Initial tests involved an 8,000 tonne heap.  By 1980, two heaps containing a total of 70,000 
tonnes of ore at a grade of 0.016% U were operating.  The brannerite-coffinite ore was reported 
to have a carbonate content of 2.8 to 4% and a sulfide content of 0.1%.  Reagent concentration 
was 25 grams per liter Na2CO3 and 5 grams per liter NaHCO3.  Uranium recovery was 65%. The 
total cost of recovery was $62/kg U (Czegledi 1980).  Average leach time was 70 days. 
 
Lantian Heap Leach 
 
 According to authors Li, Hai-hui; Zhao, et al. (2006), an ‘industrial scale’ alkaline 
uranium heap leach was operated in the Lantian District of China for 150 days from 2001-2002. 
The ore was reported to contain 19% carbonate.  
 
 Due to a high sulfur content in the ore (3% sulfur), reduction of recovery efficiency was 
experienced, due to competitive loading from sulfate ions.  The presence of polythionates  
(SxO6
2-
) was responsible for the loss in uranium loading efficiency on the resin (Zhao, et al. 
2006). The engineers at Lantian were forced to remove the polythionate from the resin in a 
separate step using a solution composed of 80 gpl NaOH and 80 gpl NaCl.  The NaOH 
regeneration step was followed by a rinsing step using 5 bed volumes of water. 
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 The initial 10 gram per liter (gpl) Na2CO3 concentration in the leachate was decreased to 
1 gpl; and in addition 5 gpl NaHCO3 was added.  This reduction in Na2CO3 concentration and 
presence of bicarbonate lowered the pH to between 8 and 9 which eliminated the problem of 




 The Trekkopje (pronounced Trek-op-he) project is located approximately 65 km 
northeast of the coastal town of Swakopmund and lies in an arid region of western Namibia. The 
128,979 ha project is a low-grade, shallow uranium resource that is hosted in calcium carbonate 
cemented (calcrete) conglomerates of Tertiary age and represent a resource of 340 million tonnes 
grading 0.014% U3O5 with a total of 47 million kilograms U3O5.  The planned production is 
3200 tonnes of uranium oxide per year at a rate of 100,000 tons of ore per day (SRK Corporation 
2010). 
 
2.3.6  Laboratory Scale Uranium Leaching Experiments at the Colorado School of Mines 
 
 The most comprehensive body of work done on the alkaline leaching of uranium-bearing 
rock at the bench and pilot scale was performed at The Colorado School of Mines Research 
Institute (CSMRI).  The tests were performed in order of increasing size and complexity.  The 
first series of bench scale tests commenced in June, 1975.  Sandstone-type rock containing 0.05 
to 0.06% U3O8  and 0.01% to 0.4% V2O5 was sourced from Colorado, Wyoming, and New 
Mexico (Merritt et al. 1976).  The rock  was evaluated using Bond impact testing, mineralogical 
examination autoradiograph, and X-Ray powder diffraction analysis.   
 
 The bench scale agitated leach tests were conducted in beakers with 300 grams of rock  at 
50% pulp density and also using 200 grams of rock  at 25% pulp density.  The reagents used 
were sodium carbonate, ammonium carbonate, and ammonium/sodium carbonate.  The 
extraction efficiency varied between 24.3% and 81.8%.  
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  In addition to varying the reagent concentration, the researchers studied the effect of pulp 
density on extraction.  The CSMRI engineers had hypothesized that the thixotropic effect could 
be minimized by reducing the pulp density, and therefore extraction would have been enhanced.  
The extraction for the 25% pulp density tests for the Wyoming rock  resulted in 80.2% 
extraction, whereas the 50% pulp density test yielded 65.2% extraction.  For the New Mexico 
rock  tests, the 25% pulp density test yielded 31.7% extraction, for the 50% pulp density test, the 
yield was slightly higher, or 36.5%.  It was shown that the type of rock  had more effect on the 
thixotropic behavior of the pulp than the pulp density did. 
 
 The three different oxidizers that were tested were sodium hypochlorite, air, and 
hydrogen peroxide.   Sodium hypochlorite (household bleach) proved to be a superior oxidant in 
all of the tests, resulting in extraction efficiencies ranging from 16.5% with the Colorado rock  to 
86.4% with the Wyoming rock.  When compared to the use of air as an oxidizer, hydrogen 
peroxide resulted in an increase of 10% extraction efficiency, on average.  The use of sodium 
hypochlorite resulted in an average increase in uranium extraction of 25% over air.    
 
 A pilot scale heap leach was constructed in Wyoming in March of 1979 (Merritt, et al. 
1980).  The dimensions of the heap were 80' wide X 80' long X 20' high.  Approximately 2,500 
tons of ore were used in the construction of the heap.  The total heap test area was 120' X 140'.  
Approximately 96% of the uranium was extracted from the heap in 45 days using sulfuric acid.  
Unfortunately, an alkaline heap leach was not constructed as part of the CSMRI test program.  
 
2.3.8 Grants Ridge/Armijo Project Setting  
 
 The Todilto Limestone utilized for the experiments reported on in this thesis was sourced 
from the Grants Ridge/Armijo Project Site in Grants, New Mexico.  The area known as the 
Grants Uranium Belt is bounded on the south by the Acoma Sag, on the east by the Rio Grande 
Trough, on the north by the San Juan Basin, and the west by the Zuni Uplift.  This area has 
historically been a major focus of uranium mining activity in New Mexico. The exposed 
sedimentary rocks are Pennsylvanian (381 to 299 million years (Mya)) to Cretaceous (146 to 
65.5 Mya).  The sedimentary rocks are underlain by the Precambrian basement rocks of the Zuni 
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uplift.  In many places, volcanic deposits are present, including the Cenozoic Mount Taylor 
Basalt Flows, and the Zuni Volcanic Field.  The uranium ore bearing formations in the Grants 
area are of Cretaceous and Jurassic (206-144 Mya) age.  The Morrison Formation and Todilto 
Limestone are reported by Hilpert (1963) to have produced almost all of the ore in the Grants 
area and probably contain more than 95% of the reserves.   
 
Lithology and Minerology of the Todilto Limestone 
 
 At the Grants Ridge/Armijo Project Site (Figure 2.3), the exposed units are the Entrada 
Sandstone and Jurassic (~160 MYA) Todilto Limestone, which can be up to 25 feet thick. The 
Todilto Limestone can be separated into three zones based on its physical properties.  Perry 
(1963) describes the zones as: (1) a lower, very fine-grained, thin-bedded limestone, locally 
termed ‘platy zone,’ (2) a middle, extremely thin-bedded limestone possessing a wrinkled or 
crepelike appearance, locally termed ‘crinkly zone’ and (3) an upper, massive, occasionally 
crudely bedded, coarsely crystalline limestone, locally termed ‘recrystallized zone’.  Secondary 
(oxidized) minerals such as carnotite and tyuyamunite (Ca(UO2)2(VO4)2·5-8H2O) are also found 
in the Todilto Formation and parts of the underlying Entrada Sandstone as a result of weathering 
at the basal contact.   
 
 The primary ore (uraninite) is hosted in structures referred to as ‘reefs’ by Perry.  These 
structures can vary in form from small mounds a meter in diameter to long ridgelike formations 
that can be a kilometer or more in length.  The ‘reefs’ are thought to have been created as a result 
of algal growth and subsequent lithification.  Armstrong  et al. (1995) note that many of the 
small mines in the Todilto Formation show mineralization in the ‘crinkly zone and along the axis 
of the interformational fold’ such as in the case of the Bunny Mine (SE ¼ sec. 4, T12N, R9W).  
Rawson (1980) indicates that the economic deposits in the Todilto formation are found in the 




Figure 2.3 - The Grants Ridge/Armijo Project Site 
         Source: Google Maps  
 
 The Todilto Limestone used for the leaching experiments for this thesis was sourced from 
the ‘crinkly zone’ (Figure 2.4) of the Todilto formation near the Zia Mines and nearby outcrops 
and dumps located within the boundaries of the Grants Ridge/Armijo Project Site (approximate 
latitude 35.29986165, longitude 107.7875383).  The Todilto Limestone Member overlays the 
Entrada Sandstone in and around the Zia Mine (Armstrong 1980).   Armstrong (1980) reported 
that the Todilto Limestone Member is 5 meters thick, composed of “arenaceous lime mudstone 
and relatively free of calcite neomorphism”.  Armstrong also conducted petrographic and 
scanning electron microscope (SEM) studies that revealed the presence of  “Angular detrital-
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Figure 2.4 –  Photograph of the Todilto Formation, Zia Mine Area 
            Photo by Author 
 
 
 The Todilto Limestone has been studied due to its “association with bituminous materials 
that have likely microbial precursors, providing a brine-microorganism association that “may 
represent a potential setting for primitive life as might be found on Mars” (Vaniman et al. 2011). 
 
Historic data shows that the Todilto Limestone has hosted numerous open pit and 
underground mines, with grades ranging from 0.18% to 0.38% U3O8.  Average mined grade in 
the Todilto has been reported to be 0.23% U3O8.  There are also substantial vanadium values in 
the Todilto Limestone, with mined grades ranging from 0.03% to 0.5% V2O5  (Uran Limited 
Annual Report 2009).     
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Figure 2.5  Photograph of an Outcrop of the ‘Middle Crinkly’ and ‘Massive’ Zones of the   
       Todilto Limestone in the Zia/La Jara Mine Area.  Source NMBM Bull 153 
 
 A program of vertical channel sampling was conducted by Uran Limited in 2009.  The 
program involved taking 330 samples from pit walls and outcrops.  The weighted average assay 
was reported to be 532 ppm (0.05%) U3O8 and 1,300 ppm (0.13%) V2O5.  Some of the more 
promising intercepts were assayed at a range of 0.12% to 0.83%  U3O8 and 0.25 to 0.82% V2O5.  
Sixteen additional samples were taken from the waste dumps at the Armijo site.  The sample 
assays on the grab samples ranged from 0.013% to 0.15% U3O8.    
 
 The uranium in the Todilto deposits has been characterized as occurring as ‘black organic 
coatings on the sand grains and is mainly U
4+
’. The principal minerals have been identified as 
coffinite and uraninite which ‘filled shrinkage cracks that developed within it’ (Weeks and 
Truesdell 1960).   Associated minerals have been identified by Weeks and Truesdell (1960)  as 
haggite, coffinite, paramontroseite, barite, galena, and fluorite. The authors also report that 
‘Variations in V:U ratio are reflected by the relative abundance of tyuyamunite compared to 
uranophane and uranyl phosphates, sulfates and carbonates.’ 
 
 Gabelman and Boyer (1988) assert that ‘One factor that could favor the fixation of 
uranium in limestone is the similar size of the U
4+
 (0.97 Å) and Ca
2+
 (0.99 Å) ions which may 
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encourage lattice substitution and solid state diffusion.’  They report that most of the secondary 
oxidized minerals are tyuyamunite  (Ca(UO2)2(VO4)2·5-8H2O) and uranophane 
(Ca(UO2)2(SiO3OH)2·5H2O) which occur in microfractures or ‘stockworks’ within the limestone.   
 
 Scanning electron microscope photos show black quartz grains and grey calcite grains.  
Grains which show the greatest contrast contain P, Si, U, S and Cl.  Lower contrast grains are 
reported to contain K, P, U, Ac, Si, and Bi.  The darker grey calcite contains K, P, Si, U, and Bi.  
It is thought that a metallization phase had overlapped the recrystallization phase, which would 
explain the intergrowths of calcite with the heavier minerals (Figure 2.6). 
 
Figure 2.6 – Scanning Electron Micrograph of Todilto Limestone  
         Source: Gabelman and Boyer (1988) 
 
 Uranium in ores is most efficiently solubilized when it is in the hexavalent  form.  A 
considerable amount of the uranium in ores, however, occurs in the relatively insoluble 
tetravalent form. Minerals such as uraninite and coffinite contain uranium in the tetravalent form.  
These minerals cannot be leached efficiently, as they are not complexed by the carbonate ion to 
form the uranyl carbonate anion, [UO2(CO3)3]
4-
.  Also, at a low Eh, these tetravalent uranium 






 Autoradiography has been used for the purposes of this thesis to characterize the 
distribution of radioactive minerals in the Todilto Limestone.  The first documented case of 
autoradiography being used for this purpose was in 1896 when Henri Becquerel discovered that 
the radiation emitted from potassium uranyl sulfate salts had the ability to expose bromide 
emulsion photographic plates (Bequerel 1896).  The three most common types of film used for 
autoradiography are silver halide based film, cellulose nitrate based film, and polycarbonate 
based alpha particle recording film.  Rogers (1976) explains the mechanics of the exposure of 
silver halide films: “The latent image formation is due to the oxidation of the bromine atoms, 
causing the release of free electrons.  The free electrons travel through the crystal until it 
becomes trapped in one of the imperfections in the lattice (Figure 2.7).  The electrons attract the 
silver ions, which reduce the silver atoms and form clumps called latent image centers.”     
 
Figure 2.7 – Silver Halide Crystal Lattice 
                    Source: Rogers (1976) 
 
 Cellulose nitrate films have a polyester base and are colored with an organic dye.  The 
film is damaged by alpha particle strikes.  The damaged areas are revealed by processing the film 
in an alkaline bath, which removes the damaged material.  A similar polycarbonate-based film is 
used for the same purpose. 
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 Fifty day exposures with CR-39 polycarbonate based alpha track film have been used to 
characterize the distribution of radioactive minerals in the Palmottu Eastern Granite of Finland 
which has been estimated to contain an average of 0.1 weight % uranium (Raisanen 1989).  Read 
et al. (2004) report that primary uranium phases such as uraninite (UO2) and monazite 
[(Ce,La,Nd,Th)(PO4)] create well defined dark spots on the film, and the presence of halos 
around the spots show the presence of daughter products of uranium in secular equilibrium 
(Figure 2.8). In the case of the Palmottu granite, the secondary uranium minerals such as 
uranophane (Ca(UO2)2(SiO3OH)2·5H2O)  were located in association with altered feldspars and 
quartz grains.   
 
Figure 2.8 –  Photographs of granite samples (left)  and corresponding 
          CR-39 polycarbonate film autoradiographs (right) 
          Source: Raisanen (1989) 
 
 
 The presence of uranophane was confirmed by semi-quantitative EDAX analyses of 
fracture fillings that show an association between UO2 (60%-70%) and SiO2 (30%-40%). 
  
 In addition to analyzing the Todilto Limestone by petrographic and SEM microscopy, 
Gabelman and Boyer (1988) also utilized autoradiography.  The autoradiographs provide strong 
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evidence that the radioactive minerals occur along bedding planes and stockworks within the ore 
(Figure 2.9).  The presence of radioactive minerals are apparent as light spots on the silver 
nitrate-based (ASA 100) film presented in Figure 2.9 (b). 
 
 
Figure 2.9 - Polished slab of Todilto limestone (a) and (b) autoradiograph  
         Source: Gableman and Boyer (1988) 
 
 This chapter has provided a discussion on the concepts of uranium market forces and 
uranium processing technologies, with a focus on alkaline leaching. Commercial and pilot-scale 
alkaline heap leaching case studies were reported.  Much of the work done regarding the 
leaching of high-lime uranium-bearing rocks has been insufficient to contribute to a satisfactory 
understanding of the scientific principles which provide the basis for efficient commercial 
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recovery.  The mineralogy and geology of the site from where the Todilto Limestone for the 
experimental work reported in this thesis was described in detail. The technology of 
autoradiography was also discussed.  Central to the theme of this chapter was the concept that an 
opportunity exists to recover uranium from low-grade ores such as mining waste. 
 
 Chapter 3 will present to the reader the underlying physical and chemical characteristics 
of the leaching process.  A central theme discussed is achieving a sufficiently high state of 


























THEORETICAL CONSIDERATIONS OF ALKALINE URANIUM LEACHING 
 
 This chapter presents the theoretical aspects of the alkaline leaching process as they relate 
to this thesis project.  The topics covered include the chemical and electrochemical reactions 
which occur in the carbonate leaching environment. Central to this thesis is the electrochemical 
leaching model as it relates to the leaching of uranium dioxide. The physical characteristics of 
ozone, including the decomposition reactions are explained in detail.  Also, reactions between 
ozone and uranium dioxide will be presented. 
 
3.1 Reactions that occur in the Alkaline Leaching of Uranium Dioxide (UO2) 
 The reactions for the leaching of uranium dioxide by alkaline carbonate reagents were 
expressed by Merritt (1971) as: 
2UO2 + O2 = 2UO3 (3.1) 
UO3 + Na2CO3 + 2NaHCO3 = Na4UO2(CO3)3 + H2O (3.2) 
 
 This form of expression is considered conceptual, as the sodium carbonate and sodium 
bicarbonate disassociate in solution to form sodium cations, carbonate anions, and bicarbonate 
anions. In addition the presence of the uranium trioxide (UO3) species is not consistent with later 
electrochemical modeling theories.  For example, reaction 3.2 does not consider the sodium ions 
that exist in the leach solution . 
 
 Languimir (1997) presents a graphic which illustrates the influence of the carbonate 
anion and pH on the distribution of soluble uranium complexes.  The carbonate anion complexes, 
and therefore solubilizes, the uranium present in the (relatively insoluble) uranium-hydroxyl 
layer found on uranium minerals in a high pH aqueous leach solution.  This is an important 
concept for the application of carbonate leaching, as it provides a conceptual framework in 




Figure 3.1 – Distribution of U(VI) Species at 25°C and I = 0.1 M for ∑U(VI), 10
-6
 M   
         for PCO2 = 10
-2
 bar.  
         Source: Langmuir (1997) 
 
Reaction (3.3) is a simplified equation that shows the predominant disassociated species in a (pH 




 +1/2 O2 + H2O   [UO2(CO3)2]
2-












 = 0.34 V (3.4) 
 
 Raising the oxidation potential (using suitable oxidants) above 0.34 volts (340 millivolts) 
greatly increases the rate of oxidation and leaching of uranium. The oxidation potential is an 
important concept which will be discussed further in this thesis. 
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 At a high pH, the OH
-
 concentrations inhibit the dissolution reaction. It is important to 
note that high OH- concentrations prevent the dissolution reaction from proceeding efficiently, 
as it causes the precipitation of insoluble sodium diuranate (Skiff and Turner 1983).    
 
 Reaction (3.5) shows the precipitation of insoluble sodium diuranate  







 Na2U2O7 (s) + 6CO3
2-
 + 3H2O (3.5) 
 
 The presence of the bicarbonate ion can allow the reaction to proceed more efficiently in 









 + H2O (3.6) 
 
 In addition, other species of uranyl carbonates, uranyl hydroxides, and cations would 
exist in a uranium ore leach solution. 
 
3.2 Side Reactions in Alkaline Leaching of Uranium Bearing Materials 
 
 The reactions that occur in the leaching of uranium minerals produce many additional 
aqueous species as compared to the leaching of pure UO2 in carbonate solution due to dissolution 
of gangue minerals.  Boyle (1982) reports that these minerals include calcite (CaCO3), quartz 













hematite (Fe2O3),  barite (BaSO4), Realgar (As4S4), fluorite (CaF2), molybdenite (MoS2), and 





 As the carbonate leaching process is much more selective for uranium than acid leaching, 
there are usually low concentrations of iron and vanadium in the leach solution as compared to 
acid leach solutions which are less selective for uranium.  Milbourne (1979) reports the presence 
of 2.6 ppm iron, 15.92 ppm vanadium, and 14.83 ppm UO3 in an alkaline carbonate leach 
solution containing 0.57 moles sodium carbonate and 0.24 moles sodium bicarbonate.  The leach 
solution was generated from the dissolution of uranium ore (10% pulp density) from the Reserve 
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Oil and Gas Company mine near Grants, New Mexico. Carnotite is a common uranium mineral 
encountered in the processing of uranium ores.  Forward and Halpern (1954) assert that carnotite 













 + 5H2O 
(3.7) 
 
 As can be seen by reaction (3.7), vanadium ions are present in leach solutions. The 
presence of the VO3
-
  ion at the pH range of 9-11 and an Eh of greater than zero volts should be 
discounted in light of later work.  A predominance diagram by Pourbaix (1966) shows that the 
predominant species in this range is HVO4
2- 
(Figure 3.2).   A Pourbaix diagram by Kailasam and 
Rosenberg (2012)  shows that the predominant ion at a pH of 10 and an Eh of greater than -0.25 
volts vs standard hydrogen electrode (SHE) is [VO3(OH)]
2- 
, which is equivalent to  HVO4
2- 
.  A 





 The oxidation state of vanadium is an important issue in the processing of uranium 
because the HVO4
2-
 anion will compete with uranium loading on ion exchange resin if the 
vanadium concentration is above 1 gram per liter.  If vanadium loading is not desired, it may be 
necessary for  the Eh of the leach solution to be adjusted. One method is by passing the solution 
through a bed of scrap iron, which lowers the Eh to between -350 and -400 millivolts vs. 
saturated calomel electrode (SCE) (Clegg and Foley 1958). 
 
In the acid leaching of uranium ore, the role of the ferric ion in the oxidation of uranium 
is well documented (Clegg and Foley 1958, Merritt 1971).  In alkaline leaching, the ferric ion 
does not play a role in the oxidation of uranium as it is not present above pH 2.4. The 
predominant iron species in an alkaline leach solution (with a pH greater than 9.5) is the 
Fe(OH)4
-
 ion (Figure 3.4).  It has been proposed that the ferrate (FeO4
2-
 ) ion does predominate in 
the high pH, high Eh region, (Siegrist, et al. 2011)  but there is no evidence in the open literature 




Figure 3.2 - Potential-pH equilibrium diagram for the system  
        vanadium-water at 25°C (51 grams per liter Vanadium) 
        Source: Pourbaix (1966) 
  
As discussed in chapter two, the Todilto Limestone from the Grants Ridge/Armijo 
Project site has a high carbonate content (> 10% inorganic carbon content).   This high carbonate 
content prevents the use of acid leaching due to excessive reagent consumption.  A similar 
situation exists at the Trekkopje mine in Namibia.  Engineers at the Trekkopje mine use alkaline 
reagents (sodium bicarbonate–sodium carbonate) in the extraction of uranium from the ore, 
which is composed of calcrete and gypcrete.  Calcrete is a calcium carbonate rich soil and 
gypcrete has a high content of calcium sulfate. The sulfide content of the ore at Trekkopje has 
been identified by the Areva engineers as a major carbonate consumer (Schnell 2010).  The 
carbonate reagent is consumed by the gypsum according to the following reaction: 
 
 
CaSO4 (s) + CO3
2-










Figure 3.3 - The Pourbaix diagram of vanadium species in the system  
         V-H2O at 25◦C and an 1 bar total pressure (51 grams per liter vanadium). 
         Diagram by Author (HSC Chemistry) 
 
Not only does the reaction with gypsum cause excess reagent consumption, the sulfate 
anion (SO4
2-
) is adsorbed by the ion exchange resin, reducing the efficiency of the recovery 
process.  Clegg and Foley (1958) report that an increase from 20 to 50 grams per liter caused the 
uranium loading capacity of Amberlite 400 resin to drop from 72 grams U3O8 per liter of resin to 
67.5 grams per liter of resin.  In addition to reducing the loading efficiency of the anion 
exchange resin, excessive sulfate can also decrease the efficiency of chloride elution, which 
reduces the overall recovery of uranium (Clegg and Foley 1958).  In situations where uranium 
ores have a high sulfide content, uranium processing engineers should take into account the 
formation of the sulfate ion as a result of the oxidation of the sulfides.   
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Figure 3.4 – Eh-pH diagram at 25°C for aqueous species in the system  Fe-O2-H2O. 
         Source: Langmuir (1997) 
 
 The oxidation of sulfide ion to sulfate occurs rapidly with ozone as shown by reactions 




 + 3O3 (g)SO3
2–
 + 3O2 (g) 
SO3
2–
 + O3 (g)SO4
2–
 + O2 (g) 













3.3 Choice of Oxidants for Alkaline Leaching 
 
 One of the most challenging aspects of alkaline leaching of uranium is choosing the 
proper oxidant.  In conventional alkaline milling, the oxidation has historically been provided by 
elevated oxygen partial pressures. The conditions of high temperature and pressure require the 
use of autoclaves.  For heap leaching, elevated temperatures and oxygen partial pressures are not 
an option.  For in-situ recovery, higher oxygen partial pressures are achieved, but higher 
temperatures are not. 
 
 Hydrogen peroxide and gaseous oxygen are the two most common oxidants used for in-
situ recovery operations (Hunter et al. 2000). Chlorine base salts such as sodium hypochlorite 
and sodium chlorate are generally not favored in a modern processing scheme, as the byproduct 
is the chloride anion. The chloride anion reaches high concentrations in the process stream, 
creating environmental concerns and reducing solvent extraction or ion exchange loading 
efficiency.   
 
3.4 Leaching Experiments Involving Synthetic Uranium Dioxide and Uranium Minerals 
 
 Leaching experiments involving uranium minerals are useful to characterize the leaching 
behavior of a particular assemblage of uranium minerals and host rock.   However, experiments 
involving the leaching of synthetic uranium dioxide are much more useful at describing the 
fundamentals of uranium leaching.  Many side reactions that occur when a natural rock sample is 
leached do not occur with pure uranium dioxide.  Also, the leaching behavior of synthetic 
uranium dioxide has been characterized as being ‘representative of the most refractory of the 
primary uranium minerals’ (Pearson and Wadsworth, 1958). 
 
 Pressure leaching studies (Milbourne 1979, Posey-Dowty et al.  1987, Schortmann and 
DeSesa 1958) have been performed concerning the leaching of uraninite and uranium minerals in 
carbonate solution. The rate of uranium dissolution has been asserted by some workers to be 
proportional to the square root of the oxygen partial pressure in the autoclave.  The rate of 
complexation of uranium by carbonate was shown to be 100 times higher than the rate of 
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oxidation.  The rate of oxidation is the rate-limiting step in carbonate leaching (Schortmann and 
DeSesa, 1958). 
 
 Milbourne (1979) investigated the leaching of uranium-bearing rock in a carbonate-
bicarbonate solution.  The experiments were performed in an autoclave using 50 grams of 
pulverized uranium-bearing rock, 500 milliliters of a solution containing 0.566 M Na2CO3, 0 
.238 M NaHCO3, and 0 to 5 grams per liter of hydrogen peroxide (H2O2). The uranium-bearing 
rock was sourced from the Reserve Oil and Gas mine located near Grants, New Mexico and was 
hand-picked to avoid any brightly colored minerals believed to be oxidized.  The rock had an 
average uranium content of 0.013% U3O8.  Milbourne reports extraction efficiencies of 24% at 0 
grams H2O2 per liter to 75% at 5 grams per liter H2O2 over a 120 minute time frame.  
 
 Posey-Dowty et al.  (1987) found that the rate of dissolution of uraninite crystals and ‘roll 
front ore’ was dependent on the square root of the oxygen partial pressure in the autoclave.  The 
authors also found that the rate of leaching exhibited a parabolic behavior due to the presence of 
easily leached hexavalent oxides of uranium.  In order to correct this issue, uraninite crystals 
were cleaned of fines with an ultrasonic cleaner and ‘preleached’ in a 0.1 M NaHCO3 solution to 
remove hexavalent uranium oxides.  The authors report that ‘Our derived rate law for uraninite 
crystals applies very well to our dissolution data for uranium roll-front ores. Our rate law and 
experimental approach can be used to model the following processes: the formation and 
migration of roll-front ores, solution mining of uranium ores with oxygenated, bicarbonate 
solutions, and dispersion of uranium about mining sites and ore and tailings dumps.’ The rate-
limiting step was reported to be the ‘cleavage of the oxygen-oxygen bond in adsorbed oxygen.’ 
At the present time, there is no direct evidence that the oxygen bonds are ‘cleaved’. 
 
 Schortmann and DeSesa (1958) conducted leaching experiments utilizing  synthetic UO2 
powder (particle size passing 65 mesh; 212 µm) in alkaline carbonate solutions.  The 
experiments were conducted in a pressurized reaction vessel with 2 liters of sodium carbonate-
bicarbonate solution.  For the series of experiments, the concentration of HCO3
-
 was varied from 
0 to 0.2 moles per liter and the concentration of CO3
2-
 was varied from 0 to 0.2 moles per liter.  
Each experiment utilized a two-gram charge of uranium dioxide powder.  The rate of dissolution 
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of the uranium dioxide was 4.0 milligrams per liter of solution per minute at 80°C and 350 kPa 
oxygen pressure.  The rate of dissolution of the uranium dioxide was 20.0 milligrams per liter of 
solution per minute at 93°C and 1300 kPa oxygen pressure. 
 
 The mechanism of uranium dioxide oxidation proposed by is presented as follows: 






 O2 (aq)   (fast step) (3.12) 
  
 




Figure 3.5 – The Adsorption of O2(aq) on the surface of UO2. 
          Adapted from Schortmann and DeSesa (1958) 
 
(c) Dissociation of adsorbed O2 as the atoms jump from their adsorption sites to reaction sites, 





Figure 3.6 – The Adsorption of O2(aq) on the surface of UO2. 
         Adapted from Schortmann and DeSesa (1958) 
 
(d) Reaction of UO2O to form uranyl dicarbonate (Equations 3.13 – 3.15): 
 
UO2O + 2 CO3 
2-








  H2O + [UO2(CO3)2]
2-
   (3.14) 
 


















  (3.16) 
 
 The mechanism proposed by Schortmann and DeSesa is adequate to explain the 
formation of the reaction products, but the model does not fully explain the presence of the short-
lived intermediary UO2O, nor does it address the mechanism for the ‘bond breaking’ that 
supposedly occurs between the oxygen molecules in step (c) (Figure 3.4).  A search of the open 
literature does not provide evidence that ‘bond breaking’ between the oxygen molecules occurs, 
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nor does there appear to be any evidence that the bonds between the oxygen molecules are 
‘stretched’ to accommodate the UO2O configuration. 
 
 Schortmann and DeSesa studied the relationship between the temperature of leaching and 
the rate of leaching of UO2.  The Arrhenius equation defines this relationship as 
 
dC/dt = -k exp(-Ea/RT) (3. 17) 
 
where k is the rate constant, Ea is the activation energy, R is the gas constant, and T is the 
temperature in degrees Kelvin. To determine the activation energy for the leaching of uranium, 
the logarithm of the leaching rate was plotted against the reciprocal of the absolute temperature.  
The data should plot in a straight line if the experimental data is consistent with the Arrhenius 
equation.  The authors performed leaching experiments at three different oxygen pressures (1, 
3.5, and 10 atm) and five different temperatures from 60 to 100°C.  The plot is presented in 
Figure 3.7. 
 
 Figure 3.7 demonstrates that the data fits the Arrhenius model well. The authors report an 
activation energy of 13.4 kilocalorie per mole of UO2.  Schortmann and DeSesa (1958)  report 
that the rate of complexation of hexavalent uranium by carbonate is approximately one hundred 
times faster than the rate of oxidation.  This concept underscores the importance of using 
oxidants to effectively recover uranium from ores containing tetravalent uranium.  
 
 Pearson and Wadsworth (1958) also studied the relationship between oxygen partial 
pressure and the rate of uranium dioxide leaching in carbonate media.  Flat disks of uranium 
dioxide were prepared by pressing powdered UO2 and polyvinyl alcohol in a die at a pressure of 
15 tons per square inch.  The 3.6 gram disks were approximately 2.3 mm thick and 1.6 cm in 
diameter.  The disks were sintered in a furnace at 1800°C for 30 minutes in a hydrogen 
atmosphere.  The UO2 disks were leached in an autoclave at temperatures from 130°C to 200°C.  







Figure 3.7 – Arrhenius Plot of UO2 Dissolution Rates 
0.5 M Na2CO3 + 0.5 M NaHCO3, 80°C. 
Source: Schortmann and DeSesa (1958) 
 
 
      The reagent concentrations were varied from 0.2 grams per liter to 60 grams per liter 
NaHCO3 and 0.4 to 60 grams per liter Na2CO3.  The maximum rate of leaching was found to 
occur in an electrolyte with a concentration of approximately 3.5 moles/liter CO3
-
 and 3.5 
moles/liter HCO3
-
.  Rates of leaching were recorded in the range of 0.05 to  0.7 grams per hour.  
Pearson and Wadsworth  (1958) propose that the surface-active species was un-dissociated 
carbonic acid (H2CO3) and that there exists a competitive adsorption between oxygen and un-
dissociated H2CO3.  The experiments were conducted at pH 9.6.  Harrison (2007) reports that the 
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concentration of H2CO3 above pH 9 is negligible, which suggests that the hypothesis presented 
by Pearson and Wadsworth is not valid. 
 
3.5 Electrochemical Model for Uranium Leaching 
 
 Habashi and Thurston (1967) first proposed that the leaching of uranium dioxide was 
driven by an electrochemical mechanism. The authors proposed two consecutive steps for the 




            UO2 + ½ O2  UO3 (3.18) 
 




             UO3 + 3CO3
2-






 Habashi and Thurston (1967) postulate that the ‘UO3 in contact with water containing 
oxygen, takes up electrons at one part of the surface (the cathodic zone), while UO3 gives them 
up at another (the anodic zone)’.  These zones exist due to the non-homogenous nature of the 
surface of uraninite crystals, which cause them to behave as semiconductors. The reactions occur 
in a dynamic solid-liquid interface known as the Nernst boundary layer.  The authors list the 
electrochemical reactions as: 
 
Reduction of Oxygen 
 
             O2 + 2H2O + 4e
-
  4 OH
-





Oxidation of Uranium 
 




 (3. 22) 
 
A relatively insoluble uranium hydroxide complex is formed 
 
            UO2
2+
 + 2H2O  UO2(OH)2 + 2H+ (3.23) 
 
The hydrolysis is followed by the formation of a soluble uranyl carbonate complex 
 









The schematic representation is presented in Figure 3.8. 
 





 Habashi and Thurston (1967) conducted leaching experiments to determine the rate of 
leaching of ‘fine powder’ uranium dioxide in an equimolar sodium carbonate-sodium 
bicarbonate solution.  The experiments were conducted with 400 milliters of solution in a one-




 concentration was varied from 0.1 to 0.5 moles per liter 
for the series of experiments.  The series of experiments were conducted at oxygen pressures of 
170 kPa and 340 kpa, respectively.  The temperature was maintained at approximately 100°C. 
The rate of uranium dioxide dissolution was recorded at a range of 0.1 grams per hour to 0.4 
grams per hour. 
 
 Concurring with Habashi and Thurston (1967), Nichol et al. (1975a) assert that the 
‘mixed potential’ exists due to the non-uniformity of the surface of a uraninite crystal, which 
creates an electrical potential difference between discrete points on the surface.  
 
 Nichol et al. conducted experiments in both acid (1975a) and alkaline media (1975b) that 
concurred with Habashi and Thurston’s conclusions concerning the mechanism for 
electrochemical leaching.  One of the issues surrounding the application of the electrochemical 
leaching model was that the leaching rate of uranium dioxide in solution was shown to not 
correlate well with the oxidation potentials of the oxidants used (Spitsyn 1960).  
 
 Nichol et al. (1975a) showed that the leaching rate was not simply a function of the 
oxidation potential of the oxidant used, but rather a function of the difference between the 
equilibrium potential of the oxidation of uranium oxide (UO2) (Equation 3.25) and the 
















 The ‘mixed potential’ between the two half cell reactions (Equations 3.25 and 3.26) are 
presented graphically in Figure 3.9.  Nichol et al. (1975a) tested their hypothesis by conducted 
leaching experiments using 0.4cm
3
 pieces of synthetic and natural uraninite (UO2) in a 1 liter 
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glass vessel containing a perchloric acid solution (1 M HClO4) or a sodium perchlorate (1 M 
NaClO4) solution . The UO2 crystals were made electrically conductive by plating a layer of 




Figure 3.9 – Potential-Current Density curves for the anodic oxidation  of UO2 and the reduction         
of the oxidant M. Source: Nichol et al. (1975a) 
 
  A single piece of wire was soldered on to each crystal.  The crystals were mounted in 
epoxy blocks which were subsequently ground flat and polished.  For each experiment a single 
epoxy-encased crystal was placed in the leaching vessel and agitated with a stirrer while 
maintaining a temperature of  25°C (± 0.1°C). The uraninite crystals were connected to a 
saturated calomel electrode and voltmeter to measure voltage.  A three-electrode system 
incorporating a potentiostat was used to measure current.   
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Two series of experiments were run in parallel.  For the first series, a voltage overpotential was 
applied to the uraninite crystal and the rates of leaching were measured using such oxidants as 
ferric iron (Fe (III)) and potassium ferricyanide (K3Fe(CN)6).  For the second series of 
experiments, the crystals were leached in the acid medium without oxidant present. The results 
of the experiments supported the electrochemical leaching theory and the ‘mixed potential’ 
hypothesis.  Figure 3.10 graphically illustrates the correlation between the theoretical model and 
the experimental results. Sufficient information was not provided in the paper to determine the 





Figure 3.10 – Comparison of Measured and Theoretical Leaching Rates 
For Acid Perchlorate Medium in the Presence of Various Oxidants.  






The electrochemical leaching model proposed by Nichol et al. (1975a) is based on the Butler-
Volmer equation (Equation 3.27). 
 
i = ioexp[(1-β)Fη / RT] – io exp [-βFη / RT] ( 3.27) 
 
where i = current density, β = the symmetry factor , F = Faraday, η = number of electrons 
transferred during one occurrence of overall reaction, R is the gas constant and T is temperature 
in degrees K. 
 
Nichol et al.  (1975b) performed UO2 leaching experiments in carbonate solutions (0.2 M 
Na2CO3 and 0.2 M NaHCO3) at 45°C to show that the electrochemical model proposed in 
(1975a) was applicable to alkaline carbonate electrolytes. 
Nichol et al. et al. (1975b) propose two ‘half cell’ reactions in the alkaline carbonate media 















The overall equation (3.30) representing the oxidation and complexation of uranium dioxide in 
alkaline carbonate media where ‘M’ represents the oxidant utilized is proposed by Nichol et al.  
(1975b) 






 (3. 30) 
 
 Table 3.1 shows the equilibrium potentials of the half cell reactions.  The authors remind 
the reader that the leaching rates are not determined solely by the difference between the 
equilibrium potentials of the two half-cell reactions.  Figure 3.11 is a representation of the 
concept put forth that the leaching rates are controlled by the electrode kinetics of the half-cell 
reactions which determine the shape and slope of the current density-potential curves. 
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Table 3.1 – Standard Equilibrium Potentials of Some  
Cathodic Half-Cell Reactions at pH 10.0 and 25°C 
Adapted from Nichol et al.  (1975b) 
 
















































 + 2NH3 
6 X 10
-3
 M Cu(II) < 0.15 (measured) (3.35) 
 
 
Figure 3.11 –  Current density-potential curves for (1) anodic oxidation of UO2 and cathodic 
reduction of (2) oxygen, (3) Fe(CN)6
3-
 , (4) CU(NH3)4
2+
 and (5) hydrogen 
peroxide in carbonate medium at pH 10, 25°C. 
Source: Nichol et al. (1975b) 
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 If the leaching rate of UO2 was wholly dependent on the equilibrium potentials, the order 




.  In practice, the authors found 





> O2.  As seen in Figure 3.11, a large gap (Em) is visible between the curves 
representing the half-cell reactions (1) and (3), which corresponds to the high leaching rate of 
uranium dioxide in the presence of Fe(CN)6
3
.   
 






 ( 3.36) 
Ø1 = bUO2/ (bM+bUO2) and Ø2 = bM/ (bUO2 + bM) ( 3.37 ) 
 
Where i = current density, F = Faraday Constant, kUO2 and kM = overall rate constants of the 
reaction at a potential of zero versus the reference electrode for uranium dioxide and oxidant, 
respectively, nM= number of electrons transferred during one occurrence of overall reaction, [M] 
= concentration of oxidant, bUO2= Tafel slope for the anodic oxidation of UO2, and bM = Tafel 
slope for the cathodic reduction of the oxidant at the UO2 surface. 
 
 Earlier work by Schortmann and DeSesa (1958) and Posey-Dowty et al (1987) showed 
that the leaching rate of uranium dioxide in alkaline carbonate media was dependent on the 
square root of oxygen partial pressure. These workers interpreted this square root dependence in 
terms of the disassociation of oxygen molecules and subsequent adsorbtion on the surface of the 
uranium dioxide.  Nichol et al. (1975b) showed that the rate of leaching was approximately 
proportional to the square root of the concentration of other oxidants such as hydrogen peroxide, 
potassium ferricyanide, cupric-ammonia complex.  The observation that potassium ferricyanide 
and the cupric ammonia oxidants follow this square root dependence with respect to the leaching 
rate was proposed by the authors as evidence that the oxygen disassociation model is invalid.   
 
 Prentice (1991) describes the progression of a chemical reaction by plotting the reaction 
coordinate against the energy of the chemical species.  According to a common electrochemical 
convention, a more negative electrical potential promotes reduction of a species.  This reduction 
is also accompanied by a more positive energy state for the oxidized species.  The relationship 
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between the potential of the reaction and the reaction rate can be defined in terms of the 
following equation: 
r =i / nF (3.38) 
where r is the rate of reaction, i is the current density, n is the number of electrons involved in the 
reaction, and F is the Faraday constant. 
 
3.6  Evaluation of Various Oxidants Used in Uranium Leaching 
 
 Magno and DeSesa (1957) conducted an investigation into the influence of oxidants on 
the leaching rate of uranium dioxide in alkaline carbonate solutions at the National Lead 
Company in Winchester, Massachusetts.  The experiments were performed using one gram of 
minus 48 mesh uranium dioxide powder in one liter of a 0.5 molar sodium carbonate and 0.5 
molar sodium bicarbonate solution. The following oxidants were used: air, potassium 
permanganate, hydrogen peroxide, potassium persulfate (K2S2O8), sodium hypochlorite 
(NaOCl), lead oxide (PbO2), lead tetroxide (Pb3O4), mercuric chloride (HgCl2), mercurous 
chloride (Hg2Cl2),  silver sulfate (Ag2SO4), potassium ferricyanide (K3Fe(CN)6), and copper 
sulfate-ammonia complex (CuSO4•5H2O + O.15 M NH3).  The authors found that the following 
oxidants did not appreciably increase the leaching rate of uranium dioxide: sodium bismuthate 
(NaBiO3), potassium nitrate (KNO3), sodium nitrate (NaNO2), sodium perchlorate (NaClO4), 
Potassium Chlorate (KClO3), Potassium Dichromate (K2Cr2O7), Nickel (III) oxide (Ni2O3), and 
Copper Sulfate (CuSO4) in the absence of ammonia.  The rates of leaching for the more effective 
oxidants are shown in Table 3.2. 
 
Table 3.2 – Rates of Uranium Dioxide Leaching Using Various Oxidants 
0.5 molar Sodium Carbonate and 0.5 Molar Sodium Bicarbonate  
Solution, 70°C, -48 Mesh (297 micron) UO2 
Adapted From Magno and DeSesa (1957) 
 
Oxidizer Dosage Cost per kg 
(1957 Dollars) 
% UO2 Dissolved in 6 
hours 
Air 50 cc/min Not reported 20 
KMnO4 0.39 grams per liter 0.68 76 
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Table 3.2 (Contiunued) 
Oxidizer Dosage Cost per kg 
(1957 Dollars) 
% UO2 Dissolved in 6 
hours 
H2O2 0.13 grams per liter 0.64 69 
K2S2O8 1.00 grams per liter 0.42 65 
NaOCl 0.28 grams per liter 0.15 81 
PbO2 0.89 grams per liter Not reported 47 
Pb3O4 2.54 grams per liter Not reported 36 
HgCl2 1.01 grams per liter 10.54 96 
Hg2Cl2 1.75 grams per liter Not reported 96 
Ag2SO4 1.16 grams per liter 63.93 100 
K3Fe(CN)6 2.44 grams per liter 1.39 100 
CuSO4•5H2O +  
O.15 M NH3 
1.85 grams per liter 0.40 64 
 
 
3.7  Ozone Mechanics and Decomposition 
 
 An oxidant that shows promise as an effective oxidant for uranium extraction is ozone.  
Ozone, an allotrope of oxygen, is a triatomic molecule that is usually generated by reacting air or 
pure oxygen in an electrical corona discharge.  Ozone is an oxidant with a higher oxidizing 
potential than any other molecule except fluorine gas and the hydroxyl radical (OH•); itself a 
decomposition product of ozone (Table 3.3).  Selected physical and chemical properties of ozone 
are listed in Table 3.4  The equation describing the decomposition of ozone in acid media is 






 +O3  O2 + H2O  E° = 2.07 V (3.39) 
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Table 3.3 - Oxidation Potentials (Half Cell Reactions) of Selected Oxidants 




F2 + 2 H
+
 + 2 e
-
 → 2 HF 3.05 
HO• + H
+
  H2O 2.86 
O3 (g) + 2 H
+
 + 2 e
-
  O2 (g) + H2O 2.07 
H2O2 + 2 H
+
 + 2 e
-
 → 2 H2O 1.78 
Cl2 (g) + 2 e-  2 Cl
-
 1.36 




 Ozone in gaseous  form has a half life of 1,524 minutes at 0% relative humidity. 
McClurkin and Maier (2010) determined the half life of ozone in a plexiglass cylinder in order to 
better understand how it could be used to treat stored grain to control harmful microbes. The 
ozone was produced from dry air and pumped into the 40 liter cylinder. The authors showed that 
the half life of ozone was affected by the rate of air movement and relative humidity (Table 3.5).  
 
Table 3.4  Physical and Chemical Properties of Ozone 
Adapted from Siegrist, et al. (2011) 
 
Property Value 
Molecular Weight 48 g/mol 
Standard Reduction Potential  2.076 V 
Density 2.106 g/L (STP) 




Solubility limit of ozone in water at STP and 
5% ozone mass concentration in pure oxygen 
(mg/L) 
10 57.4 28.3 
20 93.4 17.4 
25 118.0 13.7 





Table 3.5 – The Half-Life of Ozone in an Air-Ozone Mixture 
Adapted from  McClurkin and Maier (2010) 
 
Temp (°C) Air Speed (m
3
/hr) Relative Humidity % Half-Life 
(minutes) 
24 0 0 1524 
24 0 45 705 
24 0 87 451 
4 0 0 2439 
40 0 0 796 
24 100 0 210 
24 185 0 49 
24 370 0 39 
 
 
The half-life of ozone in solution is significantly shorter than the half life of ozone in air.  
In a solution of pure water, the half-life of ozone is approximately 165 minutes at 20° C (Rice et 
al. 1981). This factor may influence the design of an ozone injector system used in uranium 
leaching or other hydrometallurgical applications.  For example, in a heap leaching situation,  
engineers may want to inject gaseous ozone into the leachate near the drip emitters, which would 
maximize the efficiency of ozone delivery.  Several factors affect the rate of decomposition of 
ozone in solution, including pH, temperature, ionic strength, and the presence of radical 
scavengers such as carbonate anions. Table 3.6 provides a nomenclature of reactive species 








Table 3.6 - Reactive Species Suspected or Known Within Ozone Oxidation Systems 




OH• Hydroxyl radical 
•O2
-
 Superoxide anion 
HO2• Perhydroxyl radical 
HO2
-
 Hydroperoxide anion 
H2O2 Hydrogen Peroxide 
O2 Molecular oxygen 
•O3
-
 Ozonide radical 
O3
-
 Ozonide anion 
HO3• Hydrogen trioxide 
HO4• Hydrogen tetraoxide 
H2O3 Trioxidane 
1
O2 Singlet oxygen 
 
3.8 Two Widely Accepted Theories of Ozone Decomposition 
 
The two most commonly accepted theories of ozone decomposition at the Staehelin and 
Hoigne (SBH) model and the Tomiyasu, Fukutomi, and Gordon (TFG) Model.  Both models 
propose an initial reaction of ozone with the hydroxide anion and a subsequent decomposition 
consisting of propagation reactions involving radicals which are defined as atoms with an 
unpaired electron in their valence shell. 
 
3.8.1 The Staehelin-Bühler-Hoigné Model 
 
 The Staehelin-Bühler-Hoigné Model (SBH) model (Staehelin and Hoigne 1982) proposes 
the following reaction sequence for the decomposition of ozone in solution.   




 + HO2•  (3.40) 




   (3.37) 




 + O2 (3.38) 
             •O3
-
 + H2O OH• + OH
-
 +O2 (3.39) 
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Staehelin and Hoigne (1982) report that the decomposition rate of ozone in solution is controlled 
by the hydroxyl ion concentration.  The decomposition is expressed by equations 3.40 and 3.41: 
             -(d[O3]/dt) = kO3,OH- 
measured
[O3][OH-] (3.40) 










Rearranging the equation in terms of pH dependence: 
 











              for an ionic strength of 0.15 M 
(3.42) 
 
The presence of hydroxyl radical scavengers slows down the ‘chain reaction’ which 
results in the decomposition of ozone. These scavengers, such as phosphate and carbonate, react 
with the free radicals formed by the decomposition of ozone.  This prevents these free radicals 
from reacting with other ozone molecules, increasing the half life of ozone in solution.  The 
presence of the carbonate ion (CO3
2-
) and the bicarbonate ion (HCO3
-
) also increase the half life 
of ozone in solution.   
 
Staehelin and Hoigne (1982) show this mechanism by way of the reactions 3.43 and 3.44 
 



























Three molecules of O3 are decomposed by the decomposition products of the reaction 
between ozone and the OH
-
 ion.  The action of the carbonate and bicarbonate HO• radical 
scavengers reduce the rate constant of O3 with OH
-











Staehelin and Hoigne’s experiments showed that in the range of pH 8-10, the rate of 
decomposition of ozone increased with increasing pH.  It was found that below pH 8, the 
decomposition of ozone was so slow that it became difficult to measure quantitatively.  Also, 
above pH 10, the rate of ozone decomposition was so fast that it was difficult to measure using 
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UV adsorption equipment (Beckman DK-2A and Uvikon 810).  At a constant pH and using a 




] from 1 X 10
-2 
to 1 X 10
-4
 moles per liter the experiments showed an 




] concentration of 1 X 10
-3
 moles per liter at 
which point the ozone half life reached a plateau. 
 
3.8.2 The Tomiyasu, Fukutomi, and Gordon Model (TFG Model) of Ozone Decomposition 
 
 The TFG Model (Tomiyasu et al. 1985) differs from the SBH model in that the ‘chain 
reaction’ is initiated by an electron transfer process that results in the formation of the ozonide 
anion and the hydroxyl radical (Equation 3.46) or the formation of the hydroperoxide anion and 
oxygen (Equation 3.47).  Other researchers such as Fabian (1995) have studied the TFG model 
and concur with the overall reaction scheme.  The ozone decomposition products proposed by 
the TFG model are defined in Table 3.7. 
 
Tomiyasu et al. (1985) report that ‘If Na2CO3 is added to ozone solutions of low OH- 
concentrations ([OH-]=0.01 M), the decomposition rates are retarded especially at the initial 
stage.’  Figure 3.12 illustrates the effect of the CO3
2-
 anion on the rate of ozone decomposition in 
solution.  The ozone concentration was measured with the use of a Union Giken RA 401 
stopped-flow instrument.   
Table 3.7– Ozone Decomposition Products (TFG Model) 
Adapted from Tomiyasu et al. (1985) 
 











 +   O2 
 
(3.47) 




 +   HO2 
 
(3.48) 









             HO2
•










 + O2 
 
(3.51) 
             O3
- 








Table 3.7 (Continued) 



















             OH
•
 + O3  HO2
•
 + O2 (3.55) 
 
 A reaction between the hydroxyl radical and the carbonate anion was proposed by 
Tomiyasu and Fukutomi (1985).  The reader will note that Tomiyasu and Fukutomi refer to the 
hydroxyl radical as ‘HO•’ instead of ‘OH•’ as in the SBH model. 
 
















 + O3  products (CO2 + O2
-
 + O2) (3.57) 
 
 Despite slight differences in the species described by the SBH and TFG decomposition 
models, the overall decomposition rates of ozone in air and aqueous media have been measured 
experimentally, and can be correlated to a reasonable degree. The rate models for decomposition 
of ozone can be applied effectively to hydrometallurgical engineering strategies. 
 
3.9 A History of the Commercial Use of Ozone 
 
Ozone is a commercially important product that is used on a large scale to oxidize 
harmful pathogens and bleach materials such as paper, cloth, and food products. Ozone has been 
used in water treatment since it was employed at a drinking water treatment plant in 1893 at 
Oudshoorn, Holland ozone (Rice and Browning 1980).  In 1906, the Bon Voyage Water 
Treatment Plant began operations in Nice, France.  The plant produced ozone at a rate of 33 kWh 
per lb ozone.  The J. De Baillets Water Treatment plant in Montreal Canada was built in 1980 




Figure 3.12 – Ozone concentrations in solution where As(t) and As(f) refer to the relative 
absorbances at 260 nanometers at time = t and infinity, respectively.  Absorbance 
values were determined in alkaline solutions containing various concentrations of 
Na2CO3 at 20 ˚C;  
[O3] (initial)= 3.03 X 10
-5
 M;  and [OH
-
] = 0.126 M.  
[Na2CO3] Molarity: θ =0, Φ=0.5 X 10
-3
, □= 1.5 X 10
-3
,  Δ = 3 X10
-3 
Source: Tomiyasu et al. (1985) 
 
In the 1980’s, there was an increase in interest in the use of ozone in precious metals 
recovery.  Ukasik and Havlik (2005) investigated the effect of ozone sparging on the leaching of 
the mineral tetrahedrite (Cu12Sb4S13) in HCl solutions ranging in strength from 0.1 to 1 M. A 3 
gram sample of tetrahedrite pulp was agitated in a glass reactor and an oxygen-ozone mixture 
was bubbled through the pulp.  The amount of ozone injected was varied from 3.8 grams per 
hour to 4.5 grams per hour.  The experimental data shows that the extraction of copper and 
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antimony increased with an increased amount of ozone in the gas stream.  The relationship 
between the extraction efficiency of copper and leaching time is presented in Figure 3.13.  The 
relationship between the extraction efficiency of tin and ozone concentration is presented in 
Figures 3.14. 
 
 Ozone has been shown to degrade the carbonaceous material (natural organic matter) in 
ores that often prevents efficient extraction.  Shin et al. (2004) found that ozone removed 30% of 
the natural organic matter (NOM) in soil columns.  Finzgar and Lestan (2006) utilized an ozone-
injected solution of ethylenediamine disuccinate to remove copper from soil in laboratory scale 
columns.  The researchers found that the process removed 47.5% of the copper, as opposed to 
25.5% extraction without ozone sparging.  Kerc et al. (2004) reported that ozone degrades NOM 
by cleaving the NOM molecules into smaller sizes and by decreasing aromaticity and increasing 
polarity of NOM oxidation byproducts. 
 
Espenson and Taube (1965) specifically addressed the reaction between ozone and U
4+
 in 
acid media.  The authors report that the rate of reaction is inversely proportional to the 
hydronium ion concentration in the range from 0.02 to 0.4 M.  They report that the reaction may 
involve a ‘direct oxygen atom transfer from 03 to U
4+
, a water molecule attached to U
4+
 losing 
two protons to make up the’yl’ ion.  Espenson and Taube (1965) propose Equation 3.57. 
 
             O3 + U
4+







3.10 Methods for Ozone Generation 
 
Although several methods of ozone generation have been developed (Table 3.8), ozone is 
produced commercially using corona discharge (Figure 3.15).  This method involves passing 
oxygen through a discharge gap, which splits the oxygen atoms which subsequently recombine 




Figure 3.13 - Copper Extraction as a Function of Leaching Time and Ozone Concentration. 
Source: Ukasik, M. and Havlik, T., (2005) 
 
Figure 3.14 - Tin Extraction as a Function of Ozone Concentration 





Table 3.8 - Ozone Production Unit Efficiency 




0.09 Laboratory Simek, et al. 2012 









Figure 3.15 - Corona Discharge Ozone Generator Schematic. 
Adapted from Lin, S.H. and Yeh, K.L.  (1993) 
 
3.11 Commercial Ozone Production Technology – Capital Costs 
 
 Commercial ozone production units typically cost from $3,500 for units that produce 10 
grams per hour to $25,500 for units that produce 290 grams per hour (Ozone Solutions 2012a). 




Figure 3.16 - Ozone Solutions TS-40 
Specifications: 
40 g/hr Ozone from 10 liters per minute of oxygen at 
 4.7% by weight ozone production. 
Integrated 20 SCFH (10 LPM) oxygen concentrator 
Air cooled; 2012 Cost: $ 9,900 
Source: Ozone Solutions, Inc. (2012-b) 
 
Figure 3.17 - Ozone Solutions  TS-450 
 
Specifications: 
450 g/hr Ozone from 90 LPM of Oxygen at 5.8% by weight ozone production 
290 g/hr Ozone from 45 LPM of Oxygen at 7.5% by weight 
Water cooled 
2012 Cost: $25,500.00 




3.12 - Commercial Ozone Production Technology – Operating Costs 
 
Prengle (1977) estimated the cost of producing ozone on a commercial scale.  Figure 3.18 
shows that the cost of production drops dramatically with increasing scale of production. 
 
Figure 3.18 – Costs of Producing Ozone (including oxygen and amortization) 
Source: Prengle (1977) 
 
Bierbaum and Oeller (2009) estimated a total operating cost of $23.20 per hour for a 
facility producing 13 kg ozone per hour which was used to treat the effluent from a paper mill..  




3.13  Plasma Microchip Reactor Ozone Generator Technology 
 
Researchers at the University of Sheffield in the U.K. have developed a microchip reactor 
which operates at 1/10
th
 of the specific power as compared to commercial units (Zimmerman et 
al. 2010).  The experimental reactors operate at a lower frequency (100Hz AC) than commercial 
corona discharge units which operate at 14.7 MHz D.C.  This research may lead to the 
development of commercial units that will decrease the cost of ozone production significantly.  




Figure 3.19 – Disassembled Ozone Microchip Plasma Reactor 
Source: Zimmerman et al. (2010) 
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3.14  Modeling of the Synthetic UO2 and Todilto Limestone Leach Solutions 
 
Modeling of the Synthetic UO2 Leach Solution 
 
PHREEQ (Parkhurst and Appelo 1999) is aqueous geochemical modeling software that is 
written in the C programming language.  The program is based on the ion-association aqueous 
model  and has the ability to model equilibrium concentrations and activities of chemical species 
in solution.   Parkhurst and Appelo (1999) report that capabilities include one dimensional 
transport and calculations involving reversible reactions, which include aqueous, mineral, gas, 
solid-solution, surface-complexation, and ion-exchange equilibria, and irreversible reactions, 
which include ‘specified mole transfers of reactants, kinetically controlled reactions, mixing of 
solutions, and temperature changes; and inverse modeling, which finds sets of mineral and gas 
mole transfers that account for differences in composition between waters, within specified 
compositional uncertainty limits.’ 
 
 ‘Virtual experiments’ were performed using PHREEQC software to identify the 
distribution of ionic species present in the electrolytes selected for performing the leaching 
experiments. 
 
The internal consistency of the PHREEQ database was verified using mass-action relationships 
and the equilibrium constants in the database utilized by the PHREEQ software.  The 
calculations are presented in Appendix B 
 
Modeling of the synthetic UO2 alkaline carbonate leach solution was performed in PHREEQC.   
 Input Values are shown: 
Temp: 25˚C  
Units mol/kgw 
pH: 10.1 Charge  
 C as CO3
-2
: 0.56 moles 
Na: 0.94 moles 
U as U
4+
:   0.0037 moles 
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Dissolved Oxygen content: O(0)  1 O2(g) -0.7 atm    
 
[The input (O2(g) –0.7) corresponds to O(0); which indicates that the O(0) concentration will be 
calculated to be in equilibrium with the O2(g) partial pressure of 10
-0.7
 atm (i.e., the partial 
pressure in the atmosphere at sea level)]. 
                               
The PHREEQ output displays the following: 
 pH 10.09 Charge Balanced 
Ionic strength  =   1.054e+00 mol/kg 
Eh: 622 millivolts 
The PHREEQ  output reports the elements listed in Table 3.9. 
 
Table 3.9 - Elemental Concentration Reported by PHREEQ 
(Synthetic UO2 Alkaline Carbonate Electrolyte) 
 
Element Molality 







The PHREEQ  output reports the species listed in Table 3.10. 
 
Table 3.10 - Selected Species of Interest Reported by PHREEQ  
(Synthetic UO2 Alkaline Carbonate Electrolyte) 
 
 













Table 3.10 (Continued) 
















The full PHREEQ report is listed in Appendix C 
3.14.2 Modeling of the Todilto Limestone Leach Solution 
 
 The leach solution generated by the Todilto Limestone ozone-injected leach 9 experiment 
(72 hours leaching time) was analyzed by ICP-MS at a commercial laboratory (ALS Chemex, 
Fort Collins Colorado) and the reported values for the elements were entered into PHREEQ to 
create a computer model of the solution.  The value for potassium reported by ICP-MS was not 
used, as it was below the lower limit of detection.  The original report from ALS Chemex is 
presented in Appendix D.  Modeling of the Todilto Limestone ozone-injected leach 9 solution 
(72 hours leaching time) was performed using PHREEQC software.  Input Values are shown: 
temp 25 
units mol/kgw 
Ph 10.1 Charge  
Al .0093 
B .0231 















O(0) 1 O2(g) -0.7 
 
The PHREEQ output displays the following: 
pH  =   9.925      Charge balance 
Ionic strength  =   1.196e+00 
Eh (millivolts)  632 
 
The PHREEQ software reports the elements listed in Table 3.11.  Speciation is listed in Table 
3.12. 
 
Table 3.11 - Elemental Concentration Reported by PHREEQ 





C 1.570e+00    
Ca 9.500e-01    
Cr 1.000e-03 
Cu 8.000e-04 
Fe  9.000e-03 
K   4.000e-03    
Mg  2.060e-02 
Na  9.569e-01  
O(0) 3.924e-04   
Ti 2.100e-03 
U 1.400e-03 





Table 3.12 - Selected Species of Interest Reported by PHREEQ  








 9.827e-03    
Ca
2+
 4.080e-02    
CaB(OH)
4+
  5.697e-03    
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Table 3.12 (Continued) 
CO3
2-




 4.080e-02    
CaCO3   8.851e-01    
Cu(CO3)2
2- 
             7.928e-04    
Fe(OH)4
-
 6.789e-03    
Fe(OH)3                 2.210e-03    
HVO4
2-
  9.948e-05    
K
+
 4.000e-03    
MgCO3 1.814e-02    
Na
+
 7.558e-01    
NaCO3
-
  1.130e-01    
NaHCO3                  8.165e-02    
UO2
2+
 6.318e-24    
UO2(CO3)3
4-
 1.400e-03    
U(OH)4  2.948e-28    
VO4
3-
 6.485e-07    
VO3(OH)
2-
  9.994e-04    
ZnCO3 7.699e-04    
Zn(OH)2                 6.569e-04    
 
The Full PHREEQ Output is shown in Appendix E. 
 
 Chapter 3 has provided a comprehensive review of the theories concerning the chemical 
and electrochemical reactions occurring in alkaline carbonate uranium leach solutions.  The 
leaching of natural uranium materials such as carnotite and other constituents of ores was 
addressed.   The efficacy of various oxidants was discussed within the framework of empirical 
evidence and the electrochemical leaching model.  Selected side reactions that occur as a result 
of the leaching of uranium-bearing rock in carbonate solutions were reviewed.  Finally, the 
physical and chemical properties of ozone, the decomposition schemes of ozone, and methods of 








DETAILS OF EXPERIMENTS CONDUCTED 
 
 This chapter describes the materials, equipment, and procedures employed in the 
aqueous, carbonate-electrolyte, uranium leaching experiments.  Details included are: 
4.1 Chemical and physical characteristics of the uranium-bearing materials   
4.2 Reagents employed in the leaching experiments 
4.3 Details of the apparatus utilized in performing the leaching experiments and ozone 
concentration determination methods 
4.4 Procedures and protocols adopted when performing the various leaching experiments 
4.5  Details of the procedures adopted for the determination of the uranium content of the 
leachate solutions 
4.6  Details of the procedures adopted for the determination of ozone concentration in the 
gas and aqueous phases of the system 
 
 X-Ray fluorescence analysis and commercial analysis by mass spectrometry (ICP-MS) 
by a commercial laboratory were used to determine the concentration of uranium and other 
elements in the Todilto Limestone.  In addition, the organic and inorganic carbon content of the 
Todilto Limestone was determined by a commercial laboratory.  
 
 Br-PADAP analysis, ICP-MS Analysis, fluorometric analysis, and X-Ray fluorescence 
were employed to determine the uranium content of the leachate generated in the experimental 
program.  The results were corroborated for ‘statistical validation’ by fluormetric and ICP-MS 




4.1 Chemical and Physical Characteristics of the Uranium-Bearing Materials   
 This section describes the chemical and physical characteristics of the uranium-bearing 
materials utilized for the leaching experiments according to the following three sections: 
§ 4.1.1 – Physical characterization of the synthetic uranium dioxide, 
§4.1.2 –  Distribution of radioactive entities in a bulk sample of  Todilto Limestone, from 
the Zia Mine area located in Grants, New Mexico, determined by 
autoradiography analysis. 
§4.1.3 – Particle size-distribution, determined by sieve analysis, of selected Todilto 
Limestone samples which were comminuted.  Subsequently, the chemical 
composition of this comminuted sample of uranium-bearing rock. 
 
4.1.1 Synthetic Uranium Dioxide 
 Synthetic uranium dioxide powder was obtained from International Bio-analytical.  The 
material was determined to have a bulk (tap) density of 2.8 g/cc. The powder was screened and 
the particle size-distribution is shown in Table 4.1.  A photomicrograph (Figure 4.1) displays the 
geometrical (spheroidal) features of the particles. 
 
4.1.2 Characterization of Todilto Limestone  
 
 The chemical and mineralogical compostition of the Todilto Limestone were determined 
by i) autoradiography ii) X-Ray fluorescence iii) fluorometric analysis and iv) ICP-MS.  In 
addition, the particle size distribution of the comminuted uranium-bearing rock  was determined 
by sieve analysis.  Powdered uranium-bearing rock  and leaching residues were analyzed for 
uranium content by acid digestion and fluorometric method at Hazen Laboratories in Golden, 
Colorado.  Additionally, the powdered Todilto Limestone was analyzed for 51 elements by the 




Figure 4.1 – Light Microscope Photomicrograph of Synthetic  UO2 Powder (40X, oil 
immersion).  Smallest particle ~ 80 m; Largest particle ~ 500 m 
 
Table  4.1 – Particle Size Distribution of Uranium Dioxide Powder  
(International Bio-analytical) 
Particle Size (U.S. Mesh 
(M) 




M < 20  dp > 841 < 10 mg 
20 < M < 30 841> dp > 595 1.23 (2.49%) 
30 < M < 70 595 > dp > 210 41.70 (84.5%) 
70 < M < 100 210> dp > 149 5.99 (12.1%) 
100 < M < 200 149> dp > 74 0.41 (0.83%) 
200 < M dp < 74 < 10 mg 
 Total: 49.35 (100%) 
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 A 3 cm X 5 cm polished slab (Figure 4.2) prepared from a selected sample of Todilto 
Limestone from the Zia Mine area was characterized by autoradiography in order to determine 
the distribution of radioactive particles in the uranium-bearing rock .  Kodak LR-115 film was 
utilized to obtain the radiogram.  Exposure time was 7 days.  The film was etched (‘developed’) 
in a 1.25 molar sodium hydroxide bath at 30°C for 12 hours. The radiogram is shown in Figure 





Figure 4.2 – Slab of Todilto Limestone (left) and accompanying autoradiograph (right) 
 
 Side by side comparison of the slab of uranium-bearing rock  and the autoradiograph 
reveals that alpha emitters are correlated with the presence of yellow staining (visible in the 
upper-right and lower-left locations of the slab).  This yellow staining is indicative of oxidized 
uranium minerals such as carnotite, tyuyamunite, and uranophane.  The tiny dots barely visible 
on the autoradiograph correspond to radiation damage on the film.  These spots correspond to 
alpha emitting grains of the minerals listed previously (carnotite, tyuyamunite and uranophane) 
as well as pitchblende.  A magnified view of the region outlined by the red rectangle is displyed 




Figure 4.3 – – Magnified View of region of the autoradiograph, outlined by the red rectangle, 
presented in Figure 4.2 
 
4.1.3 Characterization of Comminuted Todilto Limestone  
Approximately 8 kg of hand-picked (10 to 15 cm long, 5 to 10 cm wide, and 5 to 10 cm 
thick) pieces of Todilto Limestone were crushed and ground to < 2000 μm (< 8 mesh) at Hazen 
Laboratories.  The particle-size distribution is listed in Table 4.2. 
 
 The Todilto Limestone in each size-fraction was blended together and a 100 g ‘channel 
sample’ was collected to ensure that the sample was representative of the 7.2 kilogram lot 
recovered. A portion of this split (100 gram) was ground to < 149 μm  (< 100 mesh) and uranium 
content determined by Hazen Laboratories. The analysis was performed by acid digestion in 
conjunction with fluorometry and the assay reported 0.594% U3O8.   
 
 Analysis of a replicate sample performed by ALS Chemex Laboratories, Vancouver), and 
conducted by the ME-MS41U method , reported an assay of: 0.587% U, 0.73% Fe, and 0.184 % 
V. In addition, inorganic carbon-content determined by the C-IR07 method was 10.25% , 
whereas organic carbon-content determined by the C-IR06 method was 0.02%.  The full results 




Table 4.2 – Particle-Size Distribution of Pulverized (< 2000 μm) Todilto Limestone 
 
Particle Size (U.S. Mesh) 
(M) 




M < 10  dp > 2000 
537.6 (7.45%) 
10 < M < 20 2000 > dp > 841 
3027 (41.9%)  
20 < M < 50 841 > dp > 297 
492.7 (6.82%) 
50 < M < 70 297 > dp > 210 
1754 (24.3%) 
70 < M < 100 210 > dp > 149 
1027 (14.2%) 
100 < M < 200 149 > dp > 74 
25.3 (0.35%) 
200 < M dp < 74 
356 (4.93%) 
 Total: 7220 (100%) 
 
  
  A 10 gram split of the 100 gram < 149 μm Todilto Limestone sample was loaded into a 
sample cup and covered with mylar X-ray film. An Innov-X Alpha 4000 Series X-Ray 
Fluorescence Spectrometer (XRF gun) was calibrated with an Innov-X stainless steel calibration 
standard.  Analysis of the 10 gram sample of Todilto Limestone was performed with the XRF 
gun. The results are listed in Table 4.3. 
 
 Experiments were performed with the Innov-X Alpha 4000 Series X-Ray Fluorescence 
Spectrometer to determine the precision and accuracy of the unit.  Information regarding the 





Table 4.3 – X-ray Fluorescence Analysis of Pulverized (< 149 μm) Todilto Limestone 
 








 The leach experiments, with the Todilto Limestone, were conducted with particulate 
‘feed-stock’ that was prepared from 2 kg of the comminuted Todilto Limestone (described 
previously) which was further reduced with a disc pulper in order to obtain a feedstock with a < 
149 μm particle size.  The particle size-distribution, determined by sieve-analysis, is shown in 
Table 4.4. 
 
Table 4.4 – Particle Size Distribution for < 149 μm Todilto Limestone 
Particle Size (U.S. Mesh) 
(M) 




M < 80 dp > 2000 
trace 
100 < M < 200 149 > dp  > 74 
626.1 (92%) 
200 < M dp < 74 
55.7 (8%) 




 The < 149 μm Todilto Limestone powder was analyzed by autoradiography in a manner 
similar to the analysis previously described, except that the exposure time was 10 days. The 
autoradiograph is presented in Figure 4.4.  The pinpoint spots of radiation damage on the surface 




Figure 4.4  - Autoradiograph of < 149 μm Todilto Limestone 
 
4.2 Reagents Employed for Leaching Experiments 
Reagents used for the synthetic uranium dioxide leaching experiments are listed in Table 4.5. 
 
Table 4.5 – Reagents Used in Leaching Experiments 
Reagent Specifications Source 
Air Ambient Supplied from Lab 
Nitrogen Industrial Grade General Air, Denver Colorado 
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Table 4.5 (Continued) 
Reagent Specifications Source 
Oxygen Industrial Grade General Air, Denver Colorado 
Ozone 4.10 wt% 
(2.73 v%) 
EOZ-300Y Ozone Generator 
Ozone 2.95 wt% - 11.15 wt% 
(2.03 v% - 7.97 v%) 
 
Griffin Model GTC 0.5C 
Ozone Generator 
Water Nanopure (18 M ohm) Barnstead Unit 
Sodium Carbonate 
(Na2CO3) 
Technical Grade City Chemical Corp 
Sodium Bicarbonate 
(NaHCO3) 
ACS Grade Mallinckrodt 
 
 
4.3 Details of Apparatus Utilized for Leaching Experiments 
 
 Section 4.3 describes the apparatus used for the leaching of the synthetic uranium dioxide 
(4.3.1), methods for determination of gas phase and aqueous phase ozone concentration (4.3.2), 





4.3.1 Apparatus Utilized for the Leaching of Synthetic Uranium Dioxide 
  
Leaching of pure uranium dioxide was performed in a 1.5 L Erlenmeyer Flask.  The 
solution was prepared with nanopure water from a Barnstead purification unit (18 M ohm). 
Gases were injected into the leach solution with a Pyrex

 glass pipette (lance) having an 
inside diameter of 1 mm and an outside diameter of 7 mm.  A Dwyer OMA-1 flowmeter was 
used to measure and monitor the gas flow-rate. The flask was placed on top of a Cole Parmer 
stir plate.  A 40 mm x 8mm diameter stir-bar was used to provide for mixing and suspension 
of particles.  The stir plate was operated at 390 rpm.  A schematic of the leaching apparatus is 
shown in Figure 4.5. 
 
 
Figure 4.5 – Schematic of Leaching Apparatus for Synthetic UO2 Leaching Experiments 
 Temperature, pH and ORP measurements were acquired with a Hanna Instruments HI 
98121 ‘Combo pH and ORP’ instrument.  The Hanna meter was calibrated for pH function with 
4.0 and 7.0 buffers. ORP calibration was performed using a Zobell solution.  Dissolved oxygen 
measurements were acquired using an Extech DO 600 ‘Ex Stick II’ instrument.   Ambient 
temperature and barometric pressure were obtained from a ‘WS-1171’ electronic weather station 
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(Ambient Weather Company, Chandler, Arizona). The barometric pressure displayed by this 
instrument was checked for ‘on calibration’ by comparing to the barometric pressure reported by 
the National Renewable Energy Laboratory in Golden, Colorado (NWTC M2 Real-Time 
Meteorological Weather Display).  The recorded data for these quantities are listed in Appendix 
I. 
 Gases were injected into the aqueous electrolyte with a Pyrex

 (pipette) bubbling lance.  
Depending on the gas that was selected for a specific experiment, the gas was supplied, by 
tubing, to the lance at a flow-rate of 100SCCM, as follows: 
Air:  Ambient air in the laboratory, by an aquarium pump. 
Oxygen: Compressed gas from a tank with regulator and needle valve. 
Ozone: Two sources as follows: 
i) Ozone Solutions Inc. – EZ-300Y (HG-500)  
ii) Griffin Model GTC 05C with oxygen supplied from a compressed-gas tank with regulator 
and valve. 
Both ozone generators were supplied with pure oxygen. A photograph of these devices is 
displayed in Figure 4.6 
 
 
Griffin Model GTC 0.5C Ozone Generator 
Output: up to 11.2 wt% (7.97 v%) ozone at a flow 
rate of 0.1 liters per minute using oxygen feed 
 
EZ-300Y  
(Also referred to as HG-500) 
Output: 4.1 wt%  (2.73 v%) ozone 
at a flow rate of 0.1 liters per 
minute using oxygen feed 
Figure 4.6 – Photographs of Ozone Generators used for Leaching Experiments 
84 
 
 Ozone concentration in the gas delivered by the Griffin Ozone Generator, at a flow rate 
of 100SCCM, was measured using a Teledyne Instruments Model 454 (H) Ozone Gas Monitor.  
Performance curves were generated for three flow rates 100 SCCM, 300 SCCM and 1.5 SLM for 
ionization currents over the range 1 to 4 amperes. This graph is displayed in Figure 4.7. 
 
 
Figure 4.7 – Griffin Generator Performance Characteristics 
         Concentration of Ozone in Oxygen as a Function of Ionization Current 
 
 The moles per hour of ozone produced from the Griffin ozone generator were calculated 
using equation 4.2: 
PV=nRT (4.2) 
 
The partial pressure of ozone was calculated using the partial pressure of the laboratory air times 
the ozone concentration at a setting of 1 amp. 






























At a flow rate of 6 liters per hour, the following rate in moles per hour was calculated: 
n= (1.65 kPa*6L)/(8.314*298) = 4.0 X 10
-3
 moles per hour 
For a run time of 48 hours, (4.0 X 10
-3
 moles per hour* 48 hours)= 0.19 moles of ozone was 
produced by the Griffin ozone generator at the 1 amp setting. Table 4.6 provides the reader with 
the quantity of moles produced for both ozone generators used. 
 
Table 4.6  - Moles of Ozone Produced by Griffin GTC-0.5C and EOZ-300Y Generators 
Generator Gas Phase Ozone 
Concentration 
Moles Per Hour 
Produced 
Moles Produced 
Per 48 Hours 
Moles Produced 
Per 72 Hours 




 0.26 0.39 







 0.19 0.29 






 0.75 1.13 
 
 
4.3.2 Methods for Determination of Gas-phase and Aqueous-phase Ozone Concentration 
 
 This section describes the materials, methods, and procedures employed in the  
determination of the aqueous-phase concentration of ozone in the leachate solutions.   
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 The concentration of ozone in nanopure water was determined by use of the indigo 
method, Hach DPD test and ‘Sen-Safe’ brand ozone test strips.  The Hach DPD test is a 
colormetric method utilizing a N,N-diethyl-p-phenylenediamine (DPD) reagent. The DPD 
method has been described by Bader H. and Hoign J. (1981) and Buchan et al. (2005).   ‘Sen-
Safe’ strips are a commercial product with an ozone detection range of 0 to 0.5 ppm.  Table 4.7 
lists the results from the three methods of aqueous ozone determination.   
 
 The oxygen-ozone stream from the E-OZ 300Y ozone generator was injected into 
nanopure water contained in a 1.5 L Erlenmeyer Flask at a rate of 0.1 liters/minute.  The water 
was agitated using the stir bar at 390 RPM.    
 
 Ozone in solution was measured using the indigo trisulfonate method as specified in 
Prihoda and Kelsey (2009) and  Bader H. and Hoign J. (1981).  An indigo ‘stock solution’ was 
prepared by dissolving 19.3 mg of potassium indigo trisulfonate (Sigma Aldrich #234087) in 
nanopure water and diluting to 25 ml.  A dilute indigo stock solution was prepared by combining 
2.5 ml of the indigo stock solution, 0.25 grams of  sodium dihydrogen phosphate (Sigma Aldrich 
sodium phosphate monobasic 99%, #S8282), 0.175 ml of 85% A.C.S. grade phosphoric acid 
(Fisher #A-242) and making up to 25 ml with nanopure water. 
 
 One milliliter of dilute indigo stock solution was pipetted into a 10 ml volumetric flask. 
One or two milliliters of ozonated water, depending on the dissolved ozone concentration, was 
removed from the leaching vessel and immediately transferred into the volumetric flask.  
Nanopure water was then added to adjust the total volume to 10 ml.  Five milliliters of this 
mixture was immediately transferred  into a 10 ml test tube and placed in the spectrophotometer 
with the wavelength set to 600 nanometers.   
 
 The absorbance was read and subsequently compared to the absorbance of an indigo 
blank sample.  The blank sample was previously prepared by combining 1 ml of the dilute indigo 
stock solution with 9 ml nanopure water.  The ozone concentration was determined by the 
following equation (Kuosa et al. 2004): 
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mg/L Ozone = final sample volume (in ml) x Δ A / (f x b x v) (4.1) 
 
In which;  Δ A = difference in absorbance between blank and sample (units) 
     f = 0.42; b = path length of absorbance cell, cm; V = volume of sample 
 
Table 4.7 - Ozone Concentration Determination by  












2.14 2% 0.3 0 Pure water 
11.9 8 v% Out of range    > 2.2        Pure Water 
5.95 8 v% Out of range 0.2 Carbonate 
Solution 
 
 Ozone concentration in the gas delivered by the Griffin Ozone Generator at a flow rate of 
100SCCM,  (as measured using by the Teledyne Instruments Model 454 (H) Ozone Gas 
Monitor) for two ionization currents and the performance recorded is listed in Table 4.8.  Also 
listed in this Table is the corresponding ‘saturation’ ozone-concentration, at 22C (± 2C) , in 
nanopure water, measured as per the indigo method. 
 
Table 4.8 – Griffin GTC 0.5C Ozone Generator Output 
Ionization Current 
(Amp) 
[O3] Gaseous Phase [O3] Aqueous Phase 
(indigo method) 
1.0 2.95 wt% 
(2.03 v%) 
5.71 ppm (mg/L) 
3.0 11.15 wt% 
(7.97 v%) 





4.3.3 Todilto Limestone Leaching Apparatus 
 Todilto Limestone air-injected leach 1-2, and Todilto Limestone ozone-injected leach 
experiments 1-4 were conducted in a 2 gallon (8 liter) high-density polyethylene (HDPE) bucket. 




Figure 4.8 – Schematic of Leaching Apparatus for Todilto Limestone Air-Injected Leach 1 and 2        
and Todilto Limestone Ozone-Injected Leach 1 to 4 experiments 
 
 For Todilto Limestone ozone-injected leach experiment-numbers 5 to 10; 100 grams of 
the < 149 μm Todilto Limestone was leached in a 1.5 liter beaker (Figure 4.9) using the same 
overhead mixer as the previous Todilto Limestone leach experiments.  Clogging with the 1 mm 
I.D. glass tube was encountered, and the lance was replaced with a glass tube that had an inside 






Figure 4.9 – Schematic of Leaching Apparatus for Todilto Limestone O3-Injected 
                     Leach 5 to 10 experiments 
 
 
4.4 Procedures for Leaching of Uranium-Bearing Materials 
 
 Section 4.4 details the procedures employed in the leaching of the uranium-bearing 
materials. Section 4.4.1 describes details specific to the synthetic uranium dioxide leach 
experiments. Section 4.4.2 describes the Todilto Limestone leaching experiments. 
 
4.4.1 Synthetic Uranium Dioxide Leach Experiment Procedures 
 
The procedures for these experiments have been divided into five categories and these are listed 
below. 
 
Nitrogen Injected, Synthetic UO2 Leach Experiments 1 and 2  
(Experiment ID:  Syn.UO2-N2// 1 & 2)   
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 The (Syn.UO2-N2// 1 & 2) experiments were conducted with industrial-grade nitrogen, 
which was injected into the aqueous phase at a flow rate of 100SCCM.  The aqueous phase was 
comprised of 40 grams of technical grade sodium carbonate and 15 grams ACS grade sodium 
bicarbonate dissolved in one liter of nanopure water.  This solution was agitated by means of the 
magnetic stirrer operated at approximately 400RPM.  After approximately 10 minutes of gas 
sparging, one gram of uranium dioxide powder was added to the system.  This event marked the 
beginning of the experiment (t=0). Samples of approximately 10 milliliters were withdrawn by 
use of a 10 milliliter pipette at intervals of: 0 minutes, 10 minutes, 30 minutes, 45 minutes, 1 
hour, 2 hours, 4 hours, 6 hours, 10 hours, 24 hours and 48 hours.  Each sample was first 
transferred to a 50 ml beaker and its aqueous-phase oxygen-concentration determined 
immediately – typically, the dissolved oxygen concentration was approximately 0.13 ppm 
(mg/L).  Subsequently the temperature, pH, and ORP were measured and recorded.  The sample 
was now extracted from the 50 ml beaker by means of a syringe and filtered, with a 0.45 μm 
syringe-filter, into a sample vial for subsequent analysis of the uranium concentration.  The 
syringe-filter was then backwashed with 5 ml of nanopure water into the leach vessel in order to 
return any particles to the leach system. The level of solution in the leaching system was 
maintained, by the addition of nanopure water from a laboratory squeeze-bottle, at a line that 
was drawn on the side of the flask with a felt tip marker.  
 
Air-Injected, Synthetic UO2 Leach Experiments 1 and 2 
(Experiment ID:  Syn.UO2-Air// 1 & 2)   
  
 The experiments were conducted with ambient laboratory air, which was injected into the 
aqueous phase at a flow rate of 100SCCM.  The aqueous phase was comprised of 40 grams of 
technical grade sodium carbonate and 15 grams ACS grade sodium bicarbonate dissolved in one 
liter of nanopure water.  This solution was agitated by means of the magnetic stirrer operated at 
approximately 400RPM.  After approximately 10 minutes of gas sparging, one gram of uranium 
dioxide powder was added to the system.  This event marked the beginning of the experiment 
(t=0). Samples of approximately 10 milliliters were withdrawn by use of a 10 milliliter pipette at 
intervals of: 0 minutes, 10 minutes, 30 minutes, 45 minutes, 1 hour, 2 hours, 4 hours, 6 hours, 10 
hours, 24 hours and 48 hours.  Each sample was first transferred to a 50 ml beaker and its 
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aqueous-phase oxygen-concentration determined immediately – typically, the dissolved oxygen 
concentration was approximately 7.26 ppm (mg/L).  Subsequently the temperature, pH, and ORP 
were measured and recorded.  The sample was now extracted from the 50 ml beaker by means of 
a syringe and filtered, with a 0.45 μm syringe-filter, into a sample vial for subsequent analysis of 
the uranium concentration.  The syringe-filter was then backwashed with 5 ml of nanopure water 
into the leach vessel in order to return any particles to the leach system. The level of solution in 
the leaching system was maintained, by the addition of nanopure water from a laboratory 
squeeze-bottle, at a line that was drawn on the side of the flask with a felt tip marker. 
 
Oxygen Injected, Synthetic UO2 Leach Experiments 1 and 2 
(Experiment ID:  Syn.UO2-O2// 1 & 2)   
 
  The experiments were conducted with industrial-grade oxygen, which was injected into 
the aqueous phase at a flow rate of 100SCCM.  The aqueous phase was comprised of 40 grams 
of technical grade sodium carbonate and 15 grams ACS grade sodium bicarbonate dissolved in 
one liter of nanopure water.  This solution was agitated by means of the magnetic stirrer operated 
at approximately 400RPM.  After approximately 10 minutes of gas sparging, one gram of 
uranium dioxide powder was added to the system.  This event marked the beginning of the 
experiment (t=0). Samples of approximately 10 milliliters were withdrawn by use of a 10 
milliliter pipette at intervals of: 0 minutes, 10 minutes, 30 minutes, 45 minutes, 1 hour, 2 hours, 4 
hours, 6 hours, 10 hours, 24 hours and 48 hours.  Each sample was first transferred to a 50 ml 
beaker and its aqueous-phase oxygen-concentration determined immediately – the dissolved 
oxygen concentration was in excess of the 20 ppm upper limit of detection of the oxygen probe.  
Subsequently the temperature, pH, and ORP were measured and recorded.  The sample was now 
extracted from the 50 ml beaker by means of a syringe and filtered, with a 0.45 μm syringe-filter, 
into a sample vial for subsequent analysis of the uranium concentration.  The syringe-filter was 
then backwashed with 5 ml of nanopure water into the leach vessel in order to return any 
particles to the leach system. The level of solution in the leaching system was maintained, by the 
addition of nanopure water from a laboratory squeeze-bottle, at a line that was drawn on the side 
of the flask with a felt tip marker. 
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Ozone Injected, Synthetic UO2 Leach Experiments 1 and 2 
(Experiment ID:  Syn.UO2-O3// 1 & 2)     
 
 The experiments were conducted with an oxygen/ozone gas phase mixture produced from 
the E-OZ Model 300 ozone generator (4.10 wt%, 2.73 v% ozone), which was injected into the 
aqueous phase at a flow rate of 100SCCM.  The aqueous phase was comprised of 40 grams of 
technical grade sodium carbonate and 15 grams ACS grade sodium bicarbonate dissolved in one 
liter of nanopure water.  This solution was agitated by means of the magnetic stirrer operated at 
approximately 400RPM.  After approximately 10 minutes of gas sparging, one gram of uranium 
dioxide powder was added to the system.  This event marked the beginning of the experiment 
(t=0). Samples of approximately 10 milliliters were withdrawn by use of a 10 milliliter pipette at 
intervals of: 0 minutes, 10 minutes, 30 minutes, 45 minutes, 1 hour, 2 hours, 4 hours, 6 hours, 10 
hours, 24 hours and 48 hours.  Each sample was first transferred to a 50 ml beaker and its 
aqueous-phase oxygen-concentration determined immediately – the dissolved oxygen 
concentration was in excess of the 20 ppm upper limit of detection of the oxygen probe.  
Subsequently the temperature, pH, and ORP were measured and recorded.  The sample was now 
extracted from the 50 ml beaker by means of a syringe and filtered, with a 0.45 μm syringe-filter, 
into a sample vial for subsequent analysis of the uranium concentration.  The syringe-filter was 
then backwashed with 5 ml of nanopure water into the leach vessel in order to return any 
particles to the leach system. The level of solution in the leaching system was maintained, by the 
addition of nanopure water from a laboratory squeeze-bottle, at a line that was drawn on the side 
of the flask with a felt tip marker. 
 
UO2 Ozone Injected Leach Experiments 3 and 4 
(Experiment ID:  Syn.UO2-O3// 3 & 4)   
 
 The experiments were conducted with an oxygen/ozone gas phase mixture produced from 
the Griffin Model GTC 0.5C ozone generator (11.15 wt%, 7.97 v% ozone), which was injected 
into the aqueous phase at a flow rate of 100SCCM.  The aqueous phase was comprised of 40 
grams of technical grade sodium carbonate and 15 grams ACS grade sodium bicarbonate 
dissolved in one liter of nanopure water.  This solution was agitated by means of the magnetic 
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stirrer operated at approximately 400RPM.  After approximately 10 minutes of gas sparging, one 
gram of uranium dioxide powder was added to the system.  This event marked the beginning of 
the experiment (t=0). Samples of approximately 10 milliliters were withdrawn by use of a 10 
milliliter pipette at intervals of: 0 minutes, 10 minutes, 30 minutes, 45 minutes, 1 hour, 2 hours, 4 
hours, 6 hours, 10 hours, 24 hours and 48 hours.  Each sample was first transferred to a 50 ml 
beaker and its aqueous-phase oxygen-concentration determined immediately – typically, the 
dissolved oxygen concentration was in excess of the 20 ppm upper limit of detection of the 
oxygen probe.  Subsequently the temperature, pH, and ORP were measured and recorded.  The 
sample was now extracted from the 50 ml beaker by means of a syringe and filtered, with a 0.45 
μm syringe-filter, into a sample vial for subsequent analysis of the uranium concentration.  The 
syringe-filter was then backwashed with 5 ml of nanopure water into the leach vessel in order to 
return any particles to the leach system. The level of solution in the leaching system was 
maintained, by the addition of nanopure water from a laboratory squeeze-bottle, at a line that was 
drawn on the side of the flask with a felt tip marker. 
 
4.4.2 Todilto Limestone Leaching Procedures 
 
Todilto Limestone Air-Injected Leaching Experiments 1 and 2 
(Experiment ID: Todilto Limestone-Air// 1 & 2)   
 
 Approximately 120 grams of technical grade sodium carbonate (City Chemical Corp and 
45 grams ACS grade sodium bicarbonate (Mallinckrodt 7412-12) were dissolved in three liters 
of water.  The carbonate electrolyte was poured into the  leaching vessel (8 liter HDPE bucket).  
The solution, with particles, (slurry) was agitated by means of a Cole Parmer model 9-900 
overhead electric mixer with a 50 mm diameter four-blade (marine-type) impeller.  The mixer 
was operated at 440 rpm to ensure full suspension. The Todilto Limestone air-injected leaching 
experiments were conducted with ambient laboratory air injected into the slurry at the rate of 
100SCCM by use of an ‘aquarium-type’ air pump.   Approximately 375 grams of < 2000 μm 
Todilto Limestone was added after approximately 10 minutes of sparging.  Samples of 
approximately 10 milliliters were taken by pipette at the following intervals: 0 minutes, 10 
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minutes, 9 hours, 24 hours, 48 hours, and 72 hours.  Typically, the dissolved oxygen 
concentration was approximately 7.01 ppm (mg/L).   
 
Todilto Limestone Ozone-Injected Leaching Experiments 1 and 2 
(Experiment ID: Todilto Limestone-O3(H)// 1 & 2)   
 
 The Todilto Limestone ozone leach experiments, were conducted with an oxygen/ozone 
gas phase mixture produced from the Griffin Model GTC 0.5C ozone generator operating at 3 
amps ionization current (11.15 wt%, 7.97 v% ozone), injected into the (40 grams per liter 
Na2CO3 and 15 grams per liter NaHCO3) slurry at a flow-rate of 100SCCM.  Aqueous-phase 
oxygen-concentrations were above the 20 ppm upper limit of detection of the oxygen probe. 
Approximately 375 grams of < 2000 μm Todilto Limestone was added after approximately 10 
minutes of sparging.  Samples of approximately 10 milliliters were taken by pipette at the 
following intervals: 0 minutes, 10 minutes, 9 hours, 24 hours, 48 hours, and 72 hours. The 
dissolved oxygen concentration for all ozone-injected experiments was in excess of the 20 ppm 
upper limit of detection of the dissolved oxygen meter. 
 
Todilto Limestone Ozone-Injected Leaching Experiments 3 and 4 
(Experiment ID: Todilto Limestone-O3(L)// 3 & 4)   
 
 The Todilto Limestone ozone leach experiments were conducted with an oxygen/ozone 
gas phase mixture produced from the Griffin Model GTC 0.5C ozone generator operating at 1 
amp ionization current (2.95 wt%, 2.03 v% ozone), injected into the (40 grams per liter Na2CO3 
and 15 grams per liter NaHCO3) slurry at a flow-rate of 100SCCM.  Aqueous-phase oxygen-
concentrations were above the 20 ppm upper limit of detection of the oxygen probe. 
Approximately 375 grams of  < 2000 μm Todilto Limestone was added after approximately 10 
minutes of sparging.  Samples of approximately 10 milliliters were taken by pipette at the 
following intervals: 0 minutes, 10 minutes, 9 hours, 24 hours, 48 hours, and 72 hours. 
  
Todilto Limestone Ozone-Injected Leaching Experiments 5 and 6 
(Experiment ID: Todilto Limestone-O3(H-f)// 5 & 6)  v 
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 Approximately 40 grams of technical grade sodium carbonate (City Chemical Corp and 
15 grams ACS grade sodium bicarbonate (Mallinckrodt 7412-12) were dissolved in one liter of 
water.  The carbonate electrolyte was poured into the  leaching vessel (1.5 liter beaker).   The 
Todilto Limestone ozone leach experiments were conducted with an oxygen/ozone gas phase 
mixture produced from Griffin Model GTC 0.5C ozone generator operating at 3 amps ionization 
current (11.15 wt%, 7.97 v%  ozone), injected into the (40 grams per liter Na2CO3 and 15 grams 
per liter NaHCO3) slurry at a flow-rate of 100SCCM.  The previous lance was replaced with a 
glass tube that had an inside diameter of 4 mm and an outside diameter of 6 mm. Aqueous-phase 
oxygen-concentrations were above the 20 ppm upper limit of detection of the oxygen probe. 
Approximately 100 grams of < 149 μm Todilto Limestone was added after approximately 10 
minutes of sparging.  Samples of approximately 10 milliliters were taken by pipette at the 
following intervals: 0 minutes, 10 minutes, 9 hours, 24 hours, 48 hours, and 72 hours. 
  
Todilto Limestone Ozone-Injected Leaching Experiments 7 and 8 
(Experiment ID: Todilto Limestone-O3(H-rel)// 7 & 8)   
 
 The Todilto Limestone ozone leach experiments were conducted with an oxygen/ozone 
gas phase mixture produced from the Griffin Model GTC 0.5C ozone generator operating at 3 
amps ionization current (11.15 wt%, 7.97 v% ozone), injected into the (40 grams per liter 
Na2CO3 and 15 grams per liter NaHCO3) slurry at a flow-rate of 100SCCM.  Aqueous-phase 
oxygen-concentrations were above the 20 ppm upper limit of detection of the oxygen probe.  
Approximately 100 grams of the leached and washed residue from Todilto Limestone ozone-
injected leach experiment 5 (for Todilto Limestone ozone-injected leach experiment 7) was 
added after approximately 10 minutes of sparging.  Approximately 100 grams of the leached and 
washed residue from Todilto Limestone ozone-injected leach experiment 6 (for Todilto 
Limestone ozone injected leach experiment 8) was added after approximately 10 minutes of 
sparging.  Samples of approximately 10 milliliters were taken by pipette at the following 
intervals: 0 minutes, 10 minutes, 9 hours, 24 hours, 48 hours, and 72 hours 
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Todilto Limestone Ozone-Injected Leaching Experiments 9 and 10 
(Experiment ID: Todilto Limestone-O3 (H-ht)// 1& 2)   
 
 The Todilto Limestone ozone-injected leach experiments 9 and 10 utilized Todilto 
Limestone that was roasted in air at 550 °C for 5 hours in a Thermolyne Type 30400 box 
furnace.  The purpose of the roasting was to determine if volatilization of the organic carbon 
constituents in the Todilto Limestone would make the powdered rock more amenable to 
leaching.   
 
 The Todilto Limestone ozone leach experiments were conducted with an oxygen/ozone 
gas phase mixture produced from the Griffin Model GTC 0.5C ozone generator operating at 3 
amps ionization current (11.15 wt%, 7.97 v%  ozone), injected into the (40 grams per liter 
Na2CO3 and 15 grams per liter NaHCO3) slurry at a flow-rate of 100SCCM.  Aqueous-phase 
oxygen-concentrations were above the 20 ppm upper limit of detection of the oxygen probe. 
Approximately 100 grams of < 149 μm roasted Todilto Limestone was added after 
approximately 10 minutes of sparging.  Samples of approximately 10 milliliters were taken by 




4.5 Leachate Analysis Procedures 
 
 This section details the procedures employed to determine the concentration of uranium 
in the leachate solutions generated in the leaching experiments.  In addition, procedures for 
determining the ozone concentration in solution are documented. 
 
 Analysis of leachate solutions was performed using X-Ray Fluorescence (Innov-X Alpha 
4000 series X-Ray Fluorescence Spectrometer) and the Bromo-PADAP method.  In addition, a 
leachate sample (500X dilution) was analyzed by ICP-MS method (SW6020) at ALS Chemex 
Laboratories, Fort Collins, Colorado. The Br-PADAP Reagent was prepared as per the method of 
Brcic et al. (1985). The complexing reagent was prepared using 2.5 g DCTA  (Sigma Aldrich 
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#319945,  trans-1,2 diamincyclohexane-NNN’N’ tetracetic Acid), 0.5 g lab grade sodium 
fluoride (Precision Chemical Co.), 6.5 g sulfosalicylic acid (Avacado Research Chemicals 99%  
5-sulfosalicylic acid dehydrate), and 80 ml nanopure water.  The mixture was agitated at 40 
◦
C 
and adjusted to pH 7.85 with approximately 14 ml of a 40% NaOH solution (Mallinckrodt 
A.C.S. grade #7708-10) .  The volume of the complexing reagent was then adjusted to 100 ml 
with nanopure water. 
 
 A Buffer solution was prepared using 14.9 g triethanolamine (Sigma Aldrich 98%, #T-
58300) and 80 ml nanopure water.  The solution was adjusted to pH 7.85 (22°C) with 
approximately 4 ml of 70% perchloric acid (Mallinckrodt AR Grade  #2766).  The volume was 
adjusted to 100 ml with nanopure water. 
 
 The dye solution was prepared by dissolving 0.025 grams of Br-PADAP crystals (Acros 
Organics 2-(5-Bromo-2-pyridylazo)-5-(diethylamino)phenol) in 50 ml ethanol (Pharmaco ethyl 
alcohol ACS grade 200 proof absolute) and agitating for 12 hours to assure complete dissolution 
of the crystals. 
 
 Uranium standards were prepared by diluting a uranium nitrate (U
6+
) standard (E.M. 
Science uranium plasma emission standard ICP 265-5) to 1 and 4 ppm respectively with 
nanopure water. 
 
 Approximate uranium-content of the leachate samples was determined using X-Ray 
fluorescence. The leachate samples were then diluted to be in the range of 1-4 ppm uranium.  
Five milliters of the diluted sample were added to 2 ml complexing reagent, 2ml buffer reagent, 
10 ml ethanol, and 2 ml Br-PADAP dye reagent.  The combined solution was adjusted to 25 ml 
with nanopure water and allowed to stand for one hour.  The 1 ppm and 4 ppm uranium 
standards were treated in a similar manner.  
 
 Br-PADAP analysis method:  The instrument used to measure absorbance was a 
Spectronic 20 spectrophotometer (Bausch and Lomb). The spectrophotometer was calibrated 
using the standards prepared-and-treated previously.  The analog display was set to zero with no 
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cuvette in the cuvette holder.  The 100% transmissivity (0% absorbance) display was set with the 
5 ml cuvette filled with nanopure water in the cuvette holder.  The calibration standards (1 ppm 
uranium and 4 ppm uranium) were analyzed for absorbance. The diluted-and-treated leachate 
samples were subsequently analyzed for absorbance.  A cross correlation of the results obtained 
from the Br- PADAP analyses with the analyses by commercial laboratories as well as by XRF 




























RESULTS AND DISCUSSION 
 The leaching behavior of synthetic uranium-dioxide, and the carbonaceous Todilto 
Limestone, in an alkaline carbonate-electrolyte with selected gaseous oxidants (air, oxygen, and 
ozone), determined by conducting experiments, described in Chapter 4, at ambient temperature 
(~ 22C) are presented in this Chapter. 
The information is presented in the following order: 
§5.1 Equilibrium species-distribution predictions (computational–based experiments), 
obtained by the PHREEQ software, for electrolytes (leachates) of composition similar 
to that which were expected for the laboratory leaching-experiments subsequently 
performed 
§5.2 Results and Discussion of Leach-Experiments conducted in an aqueous alkaline 
carbonate electrolyte with selected gaseous oxidants.  Included are the experiments 
performed for determining the leaching-behavior of particulate synthetic uranium-
dioxide feedstock, as well as for the leaching behavior of the powdered uranium-
bearing rock (Todilto Limestone) feedstock.  Also included in this section are: i) X-Ray 
diffraction analyses of the uranium-bearing materials and ii) electron photomicrographs 
in conjunction with EDS analyses of the uranium-bearing materials.   
 
5.1  Simulation of Equilibrium Species-Distribution for the U-CO3- H2O System  Generated 
by PHREEQ Software 
  
 Two sets of simulations were performed so as to correspond to the components at their 
maximum concentrations that would be present in the aqueous leach-solution when: i) the 
synthetic UO2 was leached with the ‘stock’ carbonate/bicarbonate aqueous-electrolyte and at a 
(reference) oxidation potential corresponding with oxygen at a partial pressure of 0.80 atm ( 0.8 
bar), and ii) the comminuted Todilto Limestone (containing additional elemental-constituents 
besides uranium) was leached with the ‘stock’ carbonate/bicarbonate electrolyte and also at a 
100 
(reference) oxidation potential corresponding to pure oxygen at a partial pressure of 0.80 atm. ( 
0.8 bar).   
 
 
5.1.1 Equilibrium Species Distribution for the (Synthetic) UO2-Carbonate system  
 
 The predictions of the equilibrium species-distribution generated by PHREEQ, for a  
(synthetic) UO2-alkaline carbonate system report a pH(25˚C) of 10.01, and a single prominent  
uranium-species present and which is well below its saturation limit.  The calculated pH is in 
reasonable agreement with the range of pH(25˚C) (9.9 to 10.5) that were obtained by 
measurements performed on the UO2 leach solutions.  According to the PHREEQ predictions, 
the prominent uranium complex in the electrolyte is the uranyl tricarbonate [UO2(CO3)3]
4-
 anion.  
The low concentration (1.5X10
-26 
Molar) of the UO2
2+
 ion (predicted by PHREEQ) does not 
support the assertion by Habashi and Thurston (1967) that the UO2
2+
 ion is hydrolyzed to form 
the UO2(OH)2(aq) (aquo complex).  The concentration (molality) of UO2(OH)2(aq) was reported by 
PHREEQ to be extremely low (2.3X10
-14
), indicating that the concentration is too low to 
consider the species as participating in rate-controlling reactions in any significant manner.  
Furthermore, the saturation index reported for the precipitate UO2(OH)2(s) (condensed-phase) 
was reported as -8.26, indicating that the solution is undersaturated with respect to this 
condensed species. 
 
 In addition to the (expected) carbonate (CO3
2
) and bicarbonate (HCO3

) species, two 
additional sodium carbonate aquo-complexes (NaCO3

 and NaHCO3(aq)) are also present at 
concentrations similar to  their uncomplexed forms.  These species have not been reported before 









 Molar) anions (predicted by PHREEQ) is 
compatible with the mechanism (Equation 3.28) proposed by Nichol et al. (1975b).  The 






5.1.2 Equilibrium Species Distribution for the Todilto Limestone, Uranium-
Carbonate System  
 
The predictions of the equilibrium species-distribution generated by PHREEQ for a 
Todilto Limestone-alkaline carbonate system report a pH(25˚C) of 9.9.  The calculated pH is in 
excellent agreement with the range of pH(25˚C) (9.9 to 10.0) that were obtained by measurements 
performed on the leach solutions obtained for the Todilto Limestone-Leach experiments. The 
prominent uranium complex in the electrolyte is, once again, the uranyl tricarbonate 
[UO2(CO3)3]
4
 anion.  As with the synthetic UO2 leach solution, the PHREEQ predictions 
indicate that the solution is undersaturated with respect to the UO2(OH)2(s) condensed phase 
(saturation index = -9.14). As before, the concentration (molality) of UO2(OH)2(aq) was reported 
by PHREEQ to be extremely low (3.1X10
-15
), again indicating that the concentration is too low 
to consider the species as participating in rate-controlling reactions in any significant manner.  
Additionally, the PHREEQ software reports the equilibrium concentrations of aquo-complexes 
of Ca, Na, Mg, Fe, and Zinc (hydroxides and carbonates).  The complete suite of species, and 
their equilibrium distribution, is listed (previously) in Table 3.12 in Chapter 3 and also in 
Appendix E. 
  
 It should be stressed that the predictions provided by the PHREEQ computational 
software represent an equilibrium configuration of the system for a specified chemical 
composition of the leachate. These results, as such, do not provide any extrapolation to the rate-
behavior of the leaching systems. 
 
5.2 Results and Discussion of Leach-Experiments Conducted 
 
  The leaching behavior determined by performing the (definitive) series of 
experiments for the leaching configurations previously described in Chapter 4, are presented in 
this section.  In order to regress (smooth) the data acquired, and subsequently processed 
(uranium recovery as a function of time), it was necessary to devise a functional relationship 
(with, optimally, two ‘fit- parameters’) that would accomplish this task.  Furthermore, these 
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regressed-equations provide a quantitative tool for assessing, on a relative basis, the salient 
features (characteristics) of a suite of experiments performed for a selected leach-configuration.  
Details concerning this development are provided in the first sub-section which follows. 
 
5.2.1 Regression Analysis Strategy for Correlation of Data Derived from Leach 
Experiments 
 
 Attempts to fit the leach data to models using conventional equations did not produce 
optimal results.  Appendix Q elucidates the methodology of the attempts to utilize these ‘classic’ 
leaching equations.  Regression of the leach data (recovery as a function of time) was 
accomplished with a robust two-parameter mathematical-function. This function was designed 
based on the intrinsic features of the ‘trend-line’ of the graphical display of the data pairs 
(recovery; time) acquired for each of the leaching experiments. The intrinsic features included 
that initially (i.e. t=0) the recovery was zero and at large times the recovery should become 
asymptotic to a recovery of 100%.  Furthermore, a two-parameter model would be considered 
optimal in this regard. The function listed in Equation 5.1a , can be demonstrated to satisfy these 
requirements (Martins, Oct. 2012).   
 




 The data were regressed (fitted) to Equation 5.1 by use of a (non-linear) regression-
analysis freeware available at: http://zunzun.com. The fitting target used was ‘lowest sum of 
squared orthogonal distance’.  The statement of the objective function for the regression was: 
“optimize the values of ‘a’ and ‘b’ such that the ‘sum of squared orthogonal distances’ is 
minimum.” The validity of the parameters generated,  [aop , bop} by the ZunZun regression (curve 
fitting) freeware was subsequently tested by determining the ‘sum of the squares of the deviation 
between the measured and corresponding value of recovery’ for each data-pair, for the following 
parameter sets: {aop , bop}; {0.95 aop , bop}; {1.050 aop , bop}; {aop ,0.95 bop} and {aop , 1.05 bop}.  
In order for the set {aop , bop} to be optimal, then the ‘sum of the squares of the deviations’ for 
the four parameter sets (5% decrease/increase on each side of the optimal) must be greater than 
that obtained with the optimal data-set {aop , bop}.  The results of this ‘test’, for a selected leach-
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experiment are listed in Appendix M, where it can be observed that the ZunZun freeware 
employed is indeed ‘reliable’. 
 
Equation 5.1a can be rewritten, by introducing the dimensionless time , as follows: 










    
    (5.2) 
 
   
 This recasted equation is now only a function of the parameter b.  Furthermore, it should 
be apparent that when the dimensionless-time , is multiplied by the ‘Scaling Factor’  
(SF =a
 (  1/b)
), then the time (e.g. in hours) for a selected Recovery can be obtained for a system 
with specific set of ‘a’ and ‘b’ parameters. 
 
The generic features of Equation 5.1b, are displayed in Figure 5.1 (notice that Fractional 
Recovery, rather than % Recovery, is represented on the ordinate).  Likewise, the generic 
features of the Scaling Factor are displayed in Figure 5.2 (Martins, Dec. 2012).   
 
 Inspection of Figure 5.1 provides a basis for interpretation of the (relative) magnitude of 
the parameter ‘b’.  It can be observed that it is indicative of the ‘early’ or ‘short-duration’ 
leaching-rate behavior.  Thus, for a system with a smaller magnitude of ‘b’, the initial leaching-
rate is higher.  Now, in combination with the parameter ‘a’, the intrinsic long-duration behavior 
is revealed.  Thus, it can be observed in Figure 5.2 that for a system with a ‘b’ parameter of a 
given magnitude, the magnitude of the Scaling Factor increases for a system whose magnitude of 
the parameter ‘a’ is smaller relative to that of another system.  In addition, it should be noticed 
that the ordinate representing the Scaling Factor is a decade scale, and as such its sensitivity to 
small changes in the magnitude of the parameter ‘a’ is dramatically increased at ‘smaller’ 
magnitudes of parameter ‘b’. ‘ It is therefore apparent that the function, a 
(1/b)
, that represents the 
Scaling Factor can be rather complex in regard to the interaction of the two parameters.  
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Consequently, the leaching-behavior of a system with a specific set of {‘a’, ‘b’} parameters must 
be scrutinized before arriving at a definitive statement regarding the relative leaching–behavior 




Figure 5.1.  Fractional Recovery as a function of Dimensionless Time, , for selected 






   
 
 The simplest case which illustrates these features corresponds to a situation for which the 
dimensionless (unitless) time ‘‘ is equal to 1 (and for which Recovery (refer to Figure 5.1) is 
independent of the value of ‘b’ and equal to 63%); then the scaling factor represents (in hours; t 
=  x SF ) the time to achieve 63% recovery.  Thus, for a specified value of ‘b’ the time-duration 
(hours) to achieve 63% recovery, is seen (refer to Figure 5.2) to decrease for an increase in the 
magnitude of ‘a’.  In addition, since for ‘‘ equal to 1 the recovery (63%) is independent of ‘b’, 
then for a specified value of ‘a’, the time duration is also found to decreases for an increase in the 
magnitude of ‘b’.  However, for a situation where   1 (R  63%) , forecasting the outcome is 
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Scaling Factor decreased, but the value of  for a specified value of R is now dependent on ‘b’ ( 










5.2.2 Graphical Display and Interpretation/Discussion of Leaching Performance for 
Synthetic UO2 and Todilto Limestone  
 
The graphs, presented subsequently, show the relationship between uranium recovery 
(determined by measurement of uranium concentration by Bromo-PADAP analyses) and leach 
time, for the two suites of leach experiments; i.e. the experiments performed with i) the synthetic 
particulate UO2 feedstock and ii) the powdered Todilto Limestone.  The continuous line 
displayed in each plot was generated by the employing the function described by Equation 5.1, 
utilizing the ‘a’ and ‘b’ parameters determined by the ZunZun regression analysis software.  



























suite of experiments.  The numerical values representing the measured uranium concentrations 
and calculated Recovery values are presented in Appendix O. 
 
Synthetic UO2 Leaching Performance 
  
 Prior to performing the experiments, described in this section, X-Ray diffraction analysis 
corroborated that the as-received material was essentially pure uranium dioxide.   The 2Θ 
diffraction angles of the three major diffraction peaks associated with UO2 are superimposed on 
the diffraction pattern presented in Figure 5.3, and provided the basis for this affirmation.  Three 
minor-peaks in the range, 2Θ = 20 to 30 and one at 2Θ  45 could not be identified as being 
associated with any specific compound. 
 
Figure 5.3 – X-Ray Diffraction for As-Received Synthetic UO2 Powder 
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The five sets of experiments that comprise this suite of (Synthetic UO2 Powder) 
experiments are presented in this section.  The fit parameters for each ‘set’ are listed In Table 
5.1. 
 
Table 5.1:  Regression Parameters (‘b’ and ‘a’) obtained from Time-Dependent Recovery-Data, 
which were derived from Leach-Experiments performed with Particulate Synthetic 
UO2.  The range of Recoveries for which the regression-parameters are valid is shown 
under ‘Experiment ID’ in each case, together with the time (subsequent to the first 
experiment listed) to achieve the same Recovery as that achieved in the previous 
experiment. Goodness of fit statistics (R squared, Chi squared and Root Mean 




 Regression Equation 
R =100 [1  exp (a t
 b
 )] 


























0  R  9.0% 





















0  R  9.9% 





0.4019 0.0221 13151.13 
Syn.UO2-O2// 1&2 
0  R  21.7% 





0.5964 0.0243 509.21 
Syn.UO2-O3// 1& 2 
0  R  67.0% 
t (21.7/67%) = 
6.0/48/hrs 
Chi-squared: 380.92 
R-squared:  0.96 
RMSE: 4.36 
0.7253 0.0669 41.64 
Syn.UO2-O3// 3& 4 
0  R  100% 
t (67/100%) = 
10.2/48/hrs 
Chi-squared: 225.96 
R-squared:  0.99 
RMSE: 3.36 
1.3685 0.0461 9.47 
 
 
Uranium Recovery as a function of time, for the first of the five-sets of experiments is 
presented in Figure 5.4.  The data presented in this graphical display were developed from 
measurements of the uranium concentration of samples retrieved at recorded-times for two 







carbonate-electrolyte ‘slurry’.  Selection of nitrogen as a ‘gaseous oxidant’ was intended to serve 
as a ‘base-line’ or ‘reference-state’ for the leaching characteristics of subsequent leach-
configuration with truly gaseous oxidant-constituents (O2 and O3).  The points displayed on the 
Figure were derived from the measurements of the uranium concentrations, at recorded intervals 
over the 48-hours duration for each experiment.  The scatter in the data points is attributable to 
the natural stochastic-behavior of (multiphase) agitated leaching-systems, due to turbulent eddies 
generated by the ‘agitation system’. Regression of the recovery-data, in accordance with 
Equation 5.1a, provided the basis for computation of the points (not shown) by which the 




Figure 5.4 - Recovery (%) as a function of leaching time (hours). 





Leach Vessel: 1.5 liter Erlenmeyer flask with 1.0 liter of solution; Mechanically 
Stirred (40mm x 8 mm magnetic stir bar, 400 RPM) 
Uranium-Bearing Material: 1.00g Synthetic UO2 ; Particle Size: Minus 20 mesh 
(841 μm and smaller).  
Aqueous Electrolyte: 15 gpl NaHCO3 / 40 gpl Na2CO3. 
Injected ‘Oxidant’ Gas: N2 (Flowrate 100 ACCM, ~ 80 kPa) 
 
 The initial (relatively high) rate of recovery that is observed in the leaching behavior is 
attributed to: i) primarily the presence of a minor amount of oxidized UO2 associated with the 
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feedstock and ii) the presence of residual oxygen (from air) dissolved in the carbonate leach-
solution.  The rate subsequently decreases and after an elapsed-time of 25 hours, the Recovery 
(based on the measured concentrations) becomes essentially asymptotic at a value between 8 and 
10%.  This behavior is consistent with the expected role that is attributable to the injection of the 
inert (non-oxidant) nitrogen gas.  Dissolved oxygen concentration was measured at 0.1 ppm, on 
average. Although the behavior displayed by the regressed-line does not exactly portray the 
asymptotic behavior apparent from the ‘measured’ data, the parameters ‘b’ and ‘a’, nonetheless, 
reflect both features consistent with their magnitudes.  The ‘b’ parameter (0.4383) is consistent 
with a relatively high-rate initially, and in conjunction with the ‘a’ parameter (0.0173) the scaling 
factor (SF) (listed in Table 5.1) is of extremely large magnitude (~10
4
), and as such is consistent 
with the (practical) asymptotic behavior inherent in the measurements. 
 
Uranium Recovery as a function of time, for the second of the five-sets of experiments is 
presented in Figure 5.5.  The experiment was performed in a manner similar to that described 
previously, except that the gaseous oxidant injected into the aqueous electrolyte was now 
laboratory-air delivered to the system by an aquarium pump.  The oxygen content of air is 
approximately 20% and, for the nominal barometric-pressure in Golden, Colorado (800mbar), 
the oxygen partial pressure was therefore, approximately, 0.16bar (~0.16atm). 
 
Again, the points displayed on the Figure were derived from measurements of the 
uranium concentrations, at recorded intervals, over 48 hours, duration.  Regression of the 
recovery-data, in accordance with Equation 5.1a, provided the continuous (best-fit) line. 
 
The leaching behavior observed with air was essentially the same as that observed with 
nitrogen injection.  Thus, the initial high-rate of recovery is also observed and for the same 
reasons advanced previously.  However, the ‘b’ parameter (0.4019) is smaller than that derived 




Figure 5.5 - Recovery (%) as a function of leaching time (hours). 





Leach Vessel: 1.5 liter Erlenmeyer flask with 1.0 liter of solution. Mechanically 
Stirred (40mm x 8 mm magnetic stir bar, 400 RPM) 
Uranium-Bearing Material: 1.00g Synthetic UO2 ; Particle Size: Minus 20 mesh 
(841 μm and smaller)  
Aqueous Electrolyte: 15 gpl NaHCO3 / 40 gpl Na2CO3 
Injected Oxidant Gas: Air (Flowrate 100 ACCM, ~ 80 kPa) 
 
 
 This smaller magnitude, by itself, is indicative of higher initial rate-of-recovery of 
uranium, that can be attributed to oxygen contained in air (which now contributes to the 
oxidation of U
4+
 species to U
6+
 species) thereby increasing the leaching rate in the system.  
Average dissolved oxygen concentration was determined to be 7.6 ppm. Also, similar to the 
experiment with nitrogen injection, the rate subsequently decreased and after an elapsed-time of 
48 hour, the Recovery (based on the measured concentrations) becomes essentially asymptotic at 
a (somewhat higher) value in the neighborhood of 10%.  Furthermore, as before, although the 
behavior displayed by the regressed-line does not exactly portray the asymptotic behavior 
apparent from the ‘measured’ data, the parameters ‘b’ and ‘a’, nonetheless, reflect both features 
consistent with their magnitudes.  Thus, when the ‘b’ parameter is considered in conjunction 
with the ‘a’ parameter (0.0221), the scaling factor (SF) (listed in Table 5.1) is also of extremely 
large magnitude (~10
4
), and as such is consistent with the (practical) asymptotic behavior 
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inherent in the measurements. .  The interaction of the magnitudes the ‘a’ and ‘b’ parameters 
obtained for this experiment, and embodied in the Scaling Factor, reveals that the time to achieve 
the same Recovery as that for the previous experiment with ‘nitrogen’ injection (9.0%) is indeed 
of smaller magnitude – 37.1 hours.  The regressed equation also indicates that a Recovery of 
9.9% is achieved in the 48-hours duration of the experiment. 
 
At this juncture, it is necessary to address that the scaling factors (listed in Table 5.1) are 
in fact not ‘identical’, viz.: 1.05 x 10
4
 (with nitrogen) and 1.32 x 10
4
 (with air).  However, these 
two numerical values are within the statistical band that might be expected, on recognizing that 
the upper limit for the range where the Recoveries were regressed is relatively low (10%).  It 
should be noted, therefore, that the scaling factor, in the context of extrapolating the leaching 
behavior beyond the range of recoveries for which the regression equation is valid, represents a 
hypothetical ‘forecast’.  In general, while it can be employed for (extemporaneous) relative 
assessment between two systems, only order-of-magnitude differences provide for definitive 
appraisal. 
 
The next set of experiments performed was intended to assess the leaching behavior 
when pure oxygen was injected into the electrolyte containing the particulate synthetic UO2 
being leached (solubilized).  Now, with injection of pure oxygen, and for the nominal 
barometric-pressure in Golden, Colorado (800mbar), the oxygen ‘partial’ pressure is now the 
total pressure in the gas-phase and, therefore, is at a nominal value of 0.80bar (~0.80 atm).  
Uranium Recovery as a function of time is presented in Figure 5.6.  Again, the points displayed 
on the Figure were derived from measurements of the uranium concentrations, at recorded 
intervals, over 48 hours, duration.  Regression of the recovery-data, in accordance with Equation 
5.1a, provided the continuous (best-fit) line. 
 
The leaching behavior, taking into account the rescaling of the ordinate (compared to that 
in Figures 5.4 and 5.5), displays a relatively high recovery-rate consistent with the behavior 




Figure 5.6 - Recovery (%) as a function of leaching time (hours). 





Leach Vessel: 1.5 liter Erlenmeyer flask with 1.0 liter of solution. Mechanically 
Stirred (40mm x 8 mm magnetic stir bar, 400 RPM) 
Uranium-Bearing Material: 1.00g Synthetic UO2; Particle Size: Minus 20 mesh 
(<841 μm and smaller)  
Aqueous Electrolyte: 15 gpl NaHCO3 / 40 gpl Na2CO3 
Injected Oxidant Gas: O2 (Flowrate 100 ACCM, ~ 80 kPa) 
 
  
 The magnitude of the ‘b’ parameter (0.5964), now larger than that determined for the 
case of leaching with air-injection, does not, by itself, provide an inference regarding the 
increase in the leaching-rate which would be expected with pure-oxygen injection.  However, on 
examining the interaction with the magnitude of the ‘a’ parameter (0.0243) it is seen that the 
time to achieve the same Recovery as that for the previous experiment, with Air injection (9.9%), 
is indeed smaller – 11.6 hours.  The regressed equation also indicates that a Recovery of 21.7% 
is now achieved in the 48 hours-duration of the experiment. 
 
The next set of experiments performed was intended to assess the leaching behavior 
when an oxygen/ozone mixture (4.10 wt% ozone; 2.73 v% ozone) was injected into the 
electrolyte containing the particulate synthetic UO2 being leached (solubilized).  Now, with 
injection of oxygen/ozone, and for the nominal barometric-pressure in Golden, Colorado 
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(800mbar), the oxygen ‘partial’ pressure is at a nominal value of 0.778bar (~0.778 atm).  The 
ozone partial pressure is at a nominal value of 0.022 bar (~0.022 atm).  Uranium Recovery as a 
function of time is presented in Figure 5.7.  Again, the points displayed on the Figure were 
derived from measurements of the uranium concentrations, at recorded intervals, over 48 hours, 
duration.  Regression of the recovery-data, in accordance with Equation 5.1a, provided the 




Figure 5.7 - Recovery (%) as a function of leaching time (hours). 





Leach Vessel: 1.5 liter Erlenmeyer flask with 1.0 liter of solution. Mechanically 
Stirred (40mm x 8 mm magnetic stir bar, 400 RPM) 
Uranium-Bearing Material: 1.00g Synthetic UO2 ; Particle Size: Minus 20 mesh 
(841 μm or smaller)  
Aqueous Electrolyte: 15 gpl NaHCO3 / 40 gpl Na2CO3 
Injected Oxidant Gas: O3 (4.10 wt% ozone, 2.73 v%;  
Flowrate 100 ACCM, ~ 80 kPa) 
 
 
 The leaching behavior, again taking into account the rescaling of the ordinate (compared 
to that in Figures 5.4 to 5.6), displays a relatively high recovery-rate consistent with the behavior 
previously observed for leaching with air, oxygen, (and nitrogen) injection.  The magnitude of 
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the b parameter (0.7253) is now larger than that determined for the case of leaching with oxygen-
injection.    Additionally, on examining the interaction with the magnitude of the now increased a 
parameter (0.0669), it is seen that the time to achieve the same Recovery as that for the previous 
experiment, with oxygen injection (21.7%), is indeed much smaller – 6.0 hours.  The regressed 
equation also indicates that a Recovery of 67.0% is now achieved in the 48 hours-duration of the 
experiment. 
 
The next set of experiments performed was intended to assess the leaching behavior 
when an oxygen/ozone mixture (11.15 wt%; 7.97 v%) ozone was injected into the electrolyte 
containing the particulate synthetic UO2 being leached (solubilized).  Now, with injection of 
oxygen/ozone, and for the nominal barometric-pressure in Golden, Colorado (800mbar), the 
oxygen ‘partial’ pressure is at a nominal value of 0.736 bar (~0.736 atm).  The ozone partial 
pressure is at a nominal value of 0.064 bar (~0.064 atm).  Uranium Recovery as a function of 
time is presented in Figure 5.8.  The points displayed on the Figure were derived, as usual, from 
measurements of the uranium concentrations, at recorded intervals, over 48 hours, duration.  
Regression of the recovery-data, in accordance with Equation 5.1a, provided the continuous 
(best-fit) line. 
 
The leaching behavior exhibits similar characteristics to that noted in the previous 
experiment in which the ozone concentration was lower.  The magnitude of the ‘b’ parameter 
(1.3685) is now approximately double that determined for the previous case of leaching with the 
oxygen/ozone (4.10 wt%, 2.73 v% ozone) injection.  When the, also increased, magnitude of the 
‘a’ parameter (0.461) is combined with the ‘b’ parameter, the resulting Scaling Factor is such 
that the ultimate asymptotic leaching-behavior is observed.  Thus, 100% recovery is achieved 
within the 48-hours duration of the experiment.  Consistent with this leaching-performance, the 
Recovery (67%) which was achieved in the previous experiment with lower ozone concentration 








Figure 5.8 - Recovery (%) as a function of leaching time (hours). 





Leach Vessel: 1.5 liter Erlenmeyer flask with 1.0 liter of solution. Mechanically 
Stirred (40mm x 8 mm magnetic stir bar, 400 RPM) 
Uranium-Bearing Material: 1.00g Synthetic UO2 ; Particle Size: Minus 20 mesh (841 
μm and smaller)  
Aqueous Electrolyte: 15 gpl NaHCO3 / 40 gpl Na2CO3 
Injected Oxidant Gas: O3 (11.15% wt% ozone, 7.97 v%);  
Flowrate 100 ACCM, ~ 80 kPa) 
 
  
Todilto Limestone Leaching Performance  
 
 Prior to performing the experiments, described in this section, the chemical and 
mineralogical compostition of the Todilto Limestone were determined by i) autoradiography ii) 
X-Ray fluorescence iii) fluorometric analysis and iv) ICP-MS, which was previously presented 
in section 4.1.2 of Chapter 4.  Additional details presented in the previous section included: 
particle-size distribution of the comminuted Todilto Limestone, uranium content of powdered 
uranium-bearing rock and leach-residues determined by acid digestion and fluorometry, 
determination of the concentrations of 51 elements present in the uranium-bearing rock sample, 




 Furthermore, imaging of the uranium-bearing rock  particles and leached residue were 
obtained by Scanning Electron Microscopy (backscatter mode) using an FEI Quanta 600i 
Scanning Electron Microscope (EDAX) system.   
 
 Elemental composition of the particles was determined by employing Energy Dispersive 
Spectroscopy (EDS), which is a capability of the EDAX system.  Particles of uranium, barium, 
and lead minerals are readily distinguishable from abundant calcite, as the contrast is relative to 
atomic mass of the particles. The lighter-color particles have a higher atomic mass.  
 
 It is apparent by comparison of the photomicrographs of the Todilto Limestone (Figure 
5.9a)  and leached residue (Figures O-3 and O-5) that the population of lighter color uranium-
bearing mineral particles have decreased as a result of the leaching process.  The presence of 
gold peaks in the spectra is due to the gold coating applied to enhance surface conductivity (and 
thus image quality) during sample preparation for SEM analysis. 
   
 The prominent white-color entity at the center of Figure 5.9a is a grain (~35 μm) of a 
calcium-uranium-vanadium substance, probably tyuyamunite (Ca(UO2)2(VO4)2·5-8H2O) , or 
rauvite (Ca(UO2)2V10O28•16(H2O).  The EDS spectrum (Figure 5.9b) confirms the presence of 
calcium, uranium, oxygen, and vanadium. The prominent white-color entity at the center of 
Figure 5.10a is a grain (~35 μm) of a uranium-oxygen substance, probably uraninite.  The EDS 
spectrum (Figure 5.10b) confirms the presence of uranium, and oxygen.  
   
 Tyuyamunite has been reported to be the most abundant of the uranium-vanadium 
minerals found in the Todilto Limestone deposits (McLaughlin 1963, Gableman and Boyer 
1988).  An amorphous (poorly crystallized) uranium vanadate, rauvite has been identified in the 





Figure 5.9a - SEM Photomicrograph of Todilto Limestone (particle size: 149 μm and smaller).   
Prominent white-color entity at center is a grain (35 μm) of hexavalent uranium 
mineral, probably tyuyamunite.  
 
 
Figure 5.9b - EDS Spectrum for white-color entity featured in Figure 5.9a.  The prominent 




Figure 5.10a - SEM Photomicrograph of Todilto Limestone (particle size: 149 μm and smaller).       
Prominent white-color entity at center is a grain (1  μm) of a uranium-bearing 
entity, probably uraninite.  The EDS analysis shows a high proportion of 
uranium relative to other elements.  
 
 Photomicrographs (Figures 19a and 20a) of the leached residue are displayed in 
conjunction with the leach curve for the Todilto Limestone ozone-injected leach 9 experiment. 
  
 Subsequently, X-Ray diffraction analysis was performed on the Todilto Limestone. 
Uranium-bearing minerals could not be detected by XRD, due to the low concentration (0.59% 
U3O8).  The 2Θ diffraction angles of the three major diffraction peaks associated with calcite are 
superimposed on the diffraction pattern, presented in Figure (5.11), and provide the basis for 





Figure 5.10b -EDS Spectrum for circular white-color entity featured in Figure 5.10a.  The 
prominent (elemental) peaks identified are calcium, uranium, oxygen, and gold.  
Gold peaks are due to the conductive coating applied to the sample before anlysis. 
Calcium carbonate may be present as a surface deposit on the particles.  
 
 




The five sets of experiments that comprise this suite of (Todilto Limestone) experiments 
are presented in this section.  The fit parameters for each ‘set’ are listed In Table 5.2. 
 
Table 5.2:  Regression Parameters (‘b’ and ‘a’) obtained from Time-Dependent Recovery-Data 
derived from Leach-Experiments performed with Powdered Todilto Limestone.  
Range for which regression-parameters are valid is shown under ‘Experiment ID’.  
Goodness of fit statistics (R squared, Chi squared and Root Mean Squared Error  
are included in the ‘Experiment ID’ column) 
 
 Regression Equation 
R =100 [1  exp (a t
 b
 )] 


























0  R  41.0% 




0.3020 0.1451 609.76 
Todilto Limestone-
O3(H)// 1& 2 
0  R  51.3% 





















O3(L)// 3& 4 
0  R  46.9% 





0.3361 0.1504 280.61 
Todilto Limestone-
O3(H-f)// 5& 6 
0  R  74.4% 
t (51.3/74.4%) = 
12.0/72hrs 
Chi-squared:  219.26 
R-squared: 0.97 
RMSE: 4.46 
0.3567 0.2963 30.27 
Todilto Limestone-
O3(H-rel)// 7& 8 
0  R  28.5% 
t (28.5%) = 72hrs 
Chi-squared:  95.69 
R-squared: 0.90 
RMSE: 0.89 
0.4195 0.0558 970.33 
Todilto Limestone-
O3(H-ht)// 9&10 
0  R  79.7% 
t (74.4/79.7%) = 
52.4/72hrs* 
Chi-squared:  282.74 
R-squared: 0.966 
RMSE: 5.07 
0.4960 0.1905 28.30 
* Recovery-time comparison relative to Experiment ID:Todilto Limestone-O3(H-f)// 5& 6 
 








 The leaching behavior of the Todilto Limestone (uranium-bearing material) is 
significantly different than that observed with the synthetic UO2 , which was assessed in the 
previous suite of experiments.  These differences included: an initial high leaching-rate 
attributable to the presence of a significant amount of ‘fully-oxidized’ (complex) uranium 
minerals (confirmed by visual identification and shown in Figure 4.2), and relatively low 
leaching-rates at longer leach-times attributable to the presence of calcite, in which uranium-
bearing constituents can be occluded (Gabelman and Boyer 1988). 
 
 Rather than using nitrogen, the experiment with air injection was selected as the reference 
for this suite of leaching experiments.  The gaseous oxidant injected into the aqueous electrolyte, 
containing Todilto Limestone particles of sizes 2000 μm and smaller, was laboratory-air 
delivered to the system by an aquarium pump.  The oxygen content of air is approximately 20% 
and, for the nominal barometric-pressure in Golden, Colorado (800mbar), the oxygen partial 
pressure was therefore, approximately, 0.16bar (~0.16atm). 
 
 The leaching behavior obtained for the first of three sets of ‘two-replicate’ experiments, 
conducted for 72-hours duration, is presented in Figure 5.12.  The points displayed on the Figure 
were derived from measurements of the uranium concentrations, at recorded intervals over the 
72-hours duration.  Regression of the recovery-data, in accordance with Equation 5.1a, provided 
the continuous (best-fit) line. 
 
 It is observed that a significant amount of uranium (20% Recovery) was solubilized in the 
first 5 hours of the experiment.  The presence of ‘fully’ oxidized uranium-bearing minerals (U
VI
), 
it can be rationalized, is most likely responsible for this initial high-rate of recovery.  At the 72-
hour duration of the experiment, the Recovery is in the neighborhood of 40%.  The relatively-
small magnitude of the ‘b’ parameter (0.3020) in combination with the ‘a’ parameter, (0.1451), 
obtained for the regression equation, is consistent with a high initial recovery-rate followed by a 




Figure 5.12 - Recovery (%) as a function of leaching time (hours). 
 Experiment ID: Todilto Limestone-Air// 1 & 2; Temperature 22 
◦
C (± 4 C ) 
 Leach Vessel: 2 gallon (8 liter) PVC bucket with 3.0 liters of solution; Mechanically 
Stirred Marine-Type Impeller (440RPM).   
 Uranium-Bearing Material: 375 grams Todilto Limestone; Particle Size: Minus 8 
mesh (2000 μm and smaller) 
 Aqueous Electrolyte: 15 gpl NaHCO3 / 40 gpl Na2CO3. 
 Injected Oxidant Gas: Ambient Air; (Flowrate: 100 ACCM; ~ 80 kPa,) 
 
 
  It is also noted that leaching-rate, although continuously attenuated during the course of 
the experiment, is still finite at the 72-hour duration mark.  These features are embodied in the 
Scaling Factor (610 hr). It is also noted that the regressed equation indicates that a Recovery of 
41.0% is achieved in the 72-hours duration of the experiment.  
 
The next set of two-replicate-experiments performed was intended to assess the leaching 
behavior when an oxygen/ozone mixture (11.15 wt% ozone, 7.97 v% ozone) was injected into 
the electrolyte containing the Todilto Limestone particles, of sizes 2000 μm and smaller) being 
leached (solubilized).    Now, with injection of oxygen/ozone, and for the nominal barometric-
pressure in Golden, Colorado (800mbar), the oxygen ‘partial’ pressure is at a nominal value of 
0.736 bar (~0.736 atm).  The ozone partial pressure is at a nominal value of 0.064 bar (~0.064 
atm).  The recoveries displayed on the Figure were derived, as before, from measurements of the 
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uranium concentrations, at recorded intervals, over the 72-hours duration.  Regression of the 





Figure 5.13 - Recovery (%) as a function of leaching time (hours). 
 Experiment ID: Todilto Limestone-O3(H)// 1 & 2; Temperature 22 
◦
C (± 4 C) 
 Leach Vessel: 2 gallon (8 liter) PVC bucket with 3.0 liters of solution;    
 Mechanically Stirred Marine-Type Impeller (440RPM).   
 Uranium-Bearing Material: 375 grams Todilto Limestone; Particle Size:  Minus 8 
mesh (2000 μm and smaller) 
 Aqueous Electrolyte: 15 gpl NaHCO3 / 40 gpl Na2CO3. 
 Injected Oxidant Gas: O3 (11.15 wt% ozone, 7.97 v% ozone;  
Flowrate 100 ACCM, ~ 80 kPa) 
 
 The leaching behavior, taking into account the rescaling of the ordinate (compared to that 
in Figure 5.12), displays a relatively-high initial recovery-rate, followed by a decrease in rate,  
which is consistent with the (qualitative) behavior previously observed for leaching with air 
injection.  The higher Recovery, achieved now, is attributed to the enhanced oxidation of U
IV
 
constituents provided by this oxygen/ozone gas-mixture.  The magnitude of the ‘b’ parameter 
(0.3921) is approximately 29% greater than that determined for the previous case of leaching 
with air injection, but is still of relatively small magnitude.  Now, in combination with a 
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somewhat lower magnitude of the ‘a’ parameter, (0.1345), obtained by the regression analysis, 
the high initial recovery-rate followed by a decrease in rate appears to be ‘internally’ consistent 
with the (qualitative) observations noted.  The (quantitative) higher recovery (51.3%), achieved 
at the 72-hour duration of the experiment, compared to the previous experiment, is corroborated 
by the magnitude of the Scaling Factor (167 hrs).  Consequently, a shorter leach-time of 32 hours 
would provide for the same Recovery (41.0%) as was achieved in the previous experiment at the 
72-hour conclusion of the experiment. 
 
The following set of experiments performed was intended to assess the leaching behavior 
of the minus 2000 μm particle size Todilto Limestone , when the injected oxygen/ozone mixture 
was reduced from the 11.15 wt% (7.97 v%) ozone (used in the previous experiment set) to 2.95 
wt% (2.03 v%) ozone.    
 
The oxygen/ozone mixture was injected into the electrolyte containing the Todilto 
Limestone being leached (solubilized).  The oxygen ‘partial pressure’ was at a nominal value of 
0.784 bar (~0.784 atm).  The ozone partial pressure is at a nominal value of 0.016 bar (~0.016 
atm).  Uranium Recovery as a function of time is presented in Figure 5.14.  Again, the points 
displayed on the Figure were derived from measurements of the uranium concentrations, at 
recorded intervals, over 72 hours, duration.  Regression of the recovery-data, in accordance with 
Equation 5.1a, provided the continuous (best-fit) line. 
 
 The leaching behavior, taking into account the rescaling of the ordinate (compared to that 
in Figures 5.12 and 5.13), displays the relatively high recovery-rate consistent with the behavior 
previously observed.  The magnitude of the ‘b’ parameter (0.3921) is now 14.3% less than that 
determined for the previous case of leaching with 11.15 wt% (7.97 wt%) ozone injection.   As 
compared with the previous experiment the ‘a’ parameter has increased slightly (0.1504).  The 
change in the ‘a’ and ‘b’ parameters together indicate that the early and long-term rates of 
leaching have decreased due to the decreased concentration of the oxidant with the higher 




Figure 5.14 - Recovery (%) as a function of leaching time (hours). 
 Experiment ID: Todilto Limestone-O3(L)// 3& 4; Temperature 22 
◦
C (± 4 C) 
 Leach Vessel: 2 gallon (8 liter) PVC bucket with 3.0 liters of solution;    
 Mechanically Stirred Marine-Type Impeller (440RPM).   
 Uranium-Bearing Material: 375 grams Todilto Limestone; Particle Size:  Minus 8 
mesh (2000 μm and smaller) 
 Aqueous Electrolyte: 15 gpl NaHCO3 / 40 gpl Na2CO3. 
 Injected Oxidant Gas: O3 (2.95 wt%, 2.03 v% ozone;  
Flowrate 100 ACCM, ~ 80 kPa) 
 
  It is seen that the time to achieve the same Recovery (51.3%) as that for the previous 
experiment with 11.15 wt% (7.97 v%) ozone injection, increases by a factor of approximately 
three; to 105 hours.  The results of the analysis of the leaching data clearly show that the 
concentration of ozone has a demonstrable effect on the leaching rate and overall recovery. 
 
The next set of experiments in this (Todilto Limestone) suite of experiments  was 
intended to assess the leaching behavior of Todilto Limestone with a smaller ‘particle grind-size’ 
(149 μm and smaller) using an oxygen/ozone mixture containing 11.15 wt% (7.97 v%) ozone, 
similar to that employed in the (two-duplicate) experiments  for which the leaching behavior was 
displayed in Figure 5.13.  The ozone partial pressure in this binary gas-mixture, stated 
previously, is at a nominal value of 0.064 bar (~0.064 atm) and the oxygen partial pressure at a 
nominal value of 0.736 bar (~0.736 atm).  Also, a smaller sample-size, and in conjunction 
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therewith, a smaller leach-vessel was now employed – these details are noted in the Figure (5.15) 
caption.   
Uranium Recovery as a function of time is presented in Figure 5.15.  It is noted, once 
again, that the points displayed on the Figure were derived from measurements of the uranium 
concentrations, at recorded intervals, over 72 hours, duration.  Regression of the recovery-data, 




Figure 5.15 - Recovery (%) as a function of leaching time (hours). 
 Experiment ID: Todilto Limestone-O3(H-f)// 5& 6; Temperature 22 
◦
C (± 4 C) 
 Leach Vessel: 1.5 liter beaker with 1 liter of solution;    
 Mechanically Stirred Marine-Type Impeller (440RPM).   
 Uranium-Bearing Material: 100 grams Todilto Limestone; Particle Size:  Minus 100 
mesh (149 μm and smaller) 
 Aqueous Electrolyte: 15 gpl NaHCO3 / 40 gpl Na2CO3. 
 Injected Oxidant Gas: O3; (11.15 wt%, 7.97 v% ozone;  
Flowrate 100 ACCM, ~ 80 kPa) 
 
The leaching behavior, taking into account the rescaling of the ordinate (compared to that 
in Figures 5.12, 5.13, and 5.14), displays the relatively high recovery-rate consistent with the 
reasoned-behavior previously observed.  The magnitude of the ‘b’ parameter (0.3567) is not 
significantly different from the previous leaching experiments utilizing oxygen/ozone injection 
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for which the particle-size distribution of the Todilto Limestone sample was ‘2000 μm and 
smaller’.  However, the magnitude of the ‘a’ parameter dramatically increased (0.2963).  This 
magnitude is approximately double the value for the ‘a’ parameter reported for the previous 
experiment (with the ‘high-concentration’ ozone gas mixture) but with a larger particle-size 
sample (Figure 5.13), and is indicative of a higher ‘long-time’ rate-of-leaching.  Thus, the 
regression equation indicates that the Recovery at the 72-hour duration of the experiment has 
increased to 74.4% (compared to 46.9% -- Figure 5.13).  It should be noted, also, that the 
magnitude of the Scaling Factor (30 hr.) is consistent with this (higher Recovery) computational 
‘forecast’.  Furthermore, the increased Recovery is consistent with the leaching behavior to be 
expected with a smaller particle-size sample, and is attributed to liberation of (previously-locked) 
uranium-bearing mineral constituents, which now allow for contact with the lixiviant 
(electrolyte). 
 
It was apparent that although the finer ‘grind-size’ had allowed for 74% Recovery of 
uranium, there was still more than 20% potentially recoverable-uranium remaining in the 
tailings.  In ‘designing’ the next leach-experiment, it was recognized that the complex 
mineralization of Todilto Limestone would introduce aquo-species, other than uranium, into the 
electrolyte.  Thus, the tailings of the previous (two-replicate) experiments (Todilto Limestone-
O3(H-f)// 5& 6) were collected.  The procedure prior to re-leaching was as follows: i) dewatering 
the tailings residues from the previous set of experiments, and  ii) washing with one liter of 
nanopure water.  Re-leaching was then performed with a new batch of stock electrolyte identical 
to that used previously and with injection of the identical gas mixture as before.  Processing of 
the measurements of the uranium concentrations, at recorded intervals, over 72 hours, duration 
was conducted in the usual manner, except that recovery was based on the (remaining) uranium 
content of the tailings.  Regression of these computed recovery-data, in accordance with 





Figure 5.16 - Recovery (%) as a function of leaching time (hours). 
 Experiment ID: Todilto Limestone-O3(H-rel)// 7 &8; Temperature 22 
◦
C (± 4 C) 
 Leach Vessel: 1.5 liter beaker with 1 liter of solution;    
 Mechanically Stirred Marine-Type Impeller (440RPM).   
 Uranium-Bearing Material: 100 grams leached Todilto Limestone tailings (From 
Todilto Limestone-O3// 5 & 6; ); Particle Size:  Minus 100 mesh (149 μm and 
smaller) 
 Aqueous Electrolyte: 15 gpl NaHCO3 / 40 gpl Na2CO3. 
 Injected Oxidant Gas: O3; (11.15 wt%, 7.97 v% ozone;  
Flowrate 100 ACCM, ~ 80 kPa) 
 
The leaching-behavior curve presented in Figure 5 16, displays an initial ‘high’ rate of 
recovery.  However, this feature cannot be compared with the previous leaching-behavior curve 
of the (primary) prior (two-replicate) experiments (Figure 5.15), because of the significantly-
smaller amount of uranium that is now dissolved in the electrolyte.  Nonetheless, the regression 
equation (refer to Table 5.2) indicates that a recovery of 28.5% (from the tailings) is achieved at 
the 72-hours conclusion of the experiment. 
 
 Computation of the overall recovery (based on the primary Todilto Limestone-sample 
uranium-content) reveals that this ‘two-step leaching-strategy’ achieved a magnitude of 81.7%.  
Nonetheless, the application of a two-step leaching-strategy readily begs the question: ‘had the 
primary leaching been continued for 144-hours duration (for an additional 72 hours), what 
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would have been the recovery?’.  The regression equation for the primary leach-experiment 
(refer to Table 5.2 – Todilto Limestone-O3(H-f)// 5& 6 ) provides a means of conducting this 
extrapolation.  Performing this computation indicates that the magnitude is 82.5%.  It is therefore 
apparent that the re-leaching of the ‘tailings’ does not provide any significant benefit that could 
not have been derived by leaching for a longer duration (bearing in mind that this contention is 
based on extrapolation of the ‘regression equation’ associated with the Recovery Curve for the 
original leach-experiment).  
  
Electron photo-micrographs revelealed that the leaching process consumed most of the 
exposed tyuyamunite and uraninite particles.  The highest-population  of particles remaining 
were determined to be silicates and calcite.  A silicate grain (~180 μm in size) is featured in the 
photomicrograph presented in Figure 5.19a.  The EDS spectrum corresponding to this silicate 
grain is presented in Figure 5.19b.  Also, a grain of barite, which was unleached in the alkaline 
leach-envirionment is shown in Figure 5.20a.  The corresponding EDS spectrum is presented in 
Figure 5.20b.  Additional photomicrographs of particles of silcates and calcite; as well as 
barium-containing and lead-containing grains are presented in Appendix N. 
 
 The results for the two-replicate experiments for the leaching of the roasted < 149 μm 
Todilto Limestone in alkaline carbonate media utilizing oxygen/ozone injection (11.15 wt%, 
7.97 v% ozone) at 22
◦
C for 72 hours duration are presented in Figure 5.17. 
 
The following set of experiments performed was intended to assess the leaching behavior 
of minus 149 μm particle size Todilto Limestone that was heat-treated in air to 550°C for 5 hours 
prior to being leached.  The oxygen/ozone mixture was injected into the electrolyte containing 
the Todilto Limestone being leached (solubilized).   The oxygen/ozone mixture (11.15 wt%, 7.97 
v% ozone, ~0.736 atm O2, ~0.064 atm O3), was injected into the electrolyte containing the 
roasted Todilto Limestone being leached (solubilized).   Uranium Recovery as a function of time 
is presented in Figure 5.16.  Again, the points displayed on the Figure were derived from 
measurements of the uranium concentrations, at recorded intervals, over 72 hours, duration.  






Figure 5.17 - Recovery (%) as a function of leaching time (hours). 
 Experiment ID: Todilto Limestone-O3(H-ht)// 9 &10; Temperature 22 
◦
C (± 4 C) 
 Leach Vessel: 1.5 liter beaker with 1 liter of solution;    
 Mechanically Stirred Marine-Type Impeller (440RPM).   
 Uranium-Bearing Material: 100 grams roasted Todilto Limestone; Particle Size:  
Minus 100 mesh (< 149 μm) 
 Aqueous Electrolyte: 15 gpl NaHCO3 / 40 gpl Na2CO3. 
 Injected Oxidant Gas: O3; (11.15 wt%, 7.97 v% ozone;  
Flowrate 100 ACCM, ~ 80 kPa) 
 
 The leaching behavior, taking into account the rescaling of the ordinate 
(compared to that in Figures 5.12 to 5.14), displays the relatively high recovery-rate consistent 
with the behavior previously observed.  The magnitude of the ‘b’ parameter for this experiment 
(0.4960) is slightly larger than the ‘b’ parameter (0.3567) obtained from the regression analysis 
of the leaching data obtained from the pair of experiments (Todilto Limestone-O3//5 & 6), which 
also utilized an oxygen/ozone injection (11.15 wt% ozone) and the minus 2000 μm particle size 
Todilto Limestone.   As compared with the Todilto Limestone-O3//5 & 6 experiment-pair, the ‘a’ 
parameter decreases to 0.1905, compared to the ‘a’ parameter reported for the Todilto 
Limestone-O3//5 & 6 experiment-pair (0.2963).  It is seen that the time to achieve the same 
Recovery (74.4%) as that achieved in the Todilto Limestone-O3//5 & 6 experiment, decreases 
slightly; to 52.4 hours.  The increase in recovery as compared to the non-roasted uranium-
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bearing rock  is consistent with the findings of Halpern et al. (1958) and Richardson et al. (1949). 
The organic content of the Todilto Limestone was determined to be only 0.02%, so the exact 
mechanism by which the roasting pre-treatment improved the recovery was not readily apparent.  
An interesting phenomenon observed was that the leachate generated from the roasted Todilto 
Limestone (experiment ID: Todilto Limestone-O3(H-ht)// 9 & 10) exhibited a unique pink color 
(Figure 5.18).  The photo was taken at 48 hours elapsed leaching time, immediately after 
removing the sample from the leach vessel and transferring it to the vial pictured on the far right 
end of Figure 5.18.  The photo is intended to demonstrate the transient nature of the pink-color 
appearance of the leach solution. It should be noticed that the samples collected earlier during the 
leaching experiment (left end of Figure 5.18) have reverted to the light yellow color typical of 
the leaching solutions generated from the other experiments conducted.  A satisfactory 
mechanism, perhaps related to a transient highly-oxidized aquo-complex (because of the heat-








 Electron micrographs revelealed that the leaching process removed most of the exposed 
tyuyamunite and uraninite particles.  The majority of particles remaining were determined to be 
silica and calcite.  A silica grain (180 μm) is presented in Figure 5.19a.  The EDS spectrum 
corresponding to the silica grain is presented in Figure 5.19b.  A grain of barite, which was 
resistant to the alkaline leach envirionment is shown in Figure 5.20a.  The corresponding EDS 




Figure 5.19a -  SEM Photomicrograph of tailings from Experiment ID: Todilto Limestone-O3 
(H-f)//6 .  Grey-color entity at center is grain (~180 μm) of silicon-containing 




Figure 5.19b -EDS Spectrum for silica grain featured in Figure 5.19a.  The prominent 
(elemental) peaks detected are oxygen, aluminum, and silicon. 
 
 
Figure 5.20a -  SEM Photomicrograph of tailings from experiment, ID: Todilto Limestone-O3 
(H-f)// 6.  Light-grey angular entity at center is a grain (~20 μm) of barium-




Figure 5.20b -EDS Spectrum for barite grain featured in Figure 5.20a.  The prominent 
(elemental) peaks detected are barium, oxygen, sulfur, calcium, and silica.  
 
X-Ray diffraction analysis was also performed on the tailings from experiment ID: 
Todilto Limestone-O3(H-rel)// 8.  Similar to the diffraction pattern obtained for the primary 
Todilto Limestone, uranium-bearing minerals could not be detected at the now (even) lower-
concentration-level present. The predominant mineral identified was calcite.  The spectrum is 
presented in Figure 5.21. 
 
 Uranium mass-balance analyses, for two experiments (Todilto Limestone-O3(H-f)// 5 and 
Todilto Limestone-O3(H-rel)// 7), were performed based on the determinations of uranium 
content obtained by fluorometric analyses of the leachate and residues. These analyses revealed 
that the mass-closure accounts did not exceed 3%. The computations performed and results 





Figure 5.21 –  X-Ray Diffraction pattern for Todilto Limestone Tailings (Experiment ID: Todilto 





















 This chapter identifies the contributions that the research has provided to the knowledge-
base on the potential rate-enhancing properties of gaseous oxidants that might be employed in 
the leaching of uranium-bearing materials. The first section provided a retrospective of the 
research conducted. Accomplishments and enumerated conclusions derived from the results of 
the experiments conducted are then listed in the next section.  The final section identifies topics 
that are considered to be worthy of further investigation. 
 
6.1 Retrospective and Discussion 
 
The objective of this research was to elucidate the rate-enhancing properties of gaseous 
oxidants in the leaching of uranium-bearing materials within an alkaline carbonate electrolyte.  
Specifically, the focus was to develop correlations between the concentration of oxidant species 
and the corresponding rate of dissolution of uranium bearing materials in the aqueous alkaline 
carbonate electrolyte.  In order to achieve these objectives, experiments were performed with 
two sources of uranium-bearing materials—synthetic uranium-dioxide and a uranium-bearing 
rock (Todilto Limestone)—and injection of nitrogen, air, oxygen and an oxygen-ozone mixture.  
The leachate was sampled at selected time-intervals and analyzed for dissolved uranium by X-
Ray fluorescence and the Br-PADAP method.  The uranium content (and associated elemental 
constituents) of the Todilto Limestone and leached-limestone residues were analyzed by: X-Ray 
fluorescence, fluorometric analysis and Scanning Electron Microscopy (operating in backscatter 
mode) incorporating Energy Dispersive Spectroscopy. 
 
 The hydrometallurgical fundamentals-based, contribution to the research project included 
modeling of the equilibrium speciation in the leach solutions using the no-cost computer 
software (freeware) PHREEQ software.  Trials were conducted with the software to demonstrate 
its internal consistency, in regard to the thermodynamic data-base and the predicted equilibrium-
distribution, in conjunction with selected equilibrium (mass action) relationships.   The values 
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for the concentration of elements in the simulated Todilto Limestone leach solution were shown 
to be within the limits reported from ICP-MS analysis of the Todilto Limestone leach solution. 
 
 The experimental conditions for the series of UO2 leaching experiments conducted for 
this thesis research are unique when compared to the experimental conditions for the research 
found in the open literature.  Experiments by Pearson and Wadsworth (1958) were conducted 
with pressed powder disks, not powder.  Schortmann and DeSesa (1958) and Habashi and 
Thurston (1967) conducted their experiments using uranium dioxide powder, but at higher 
temperatures and pressures than the ambient conditions under which the research for this thesis 
were conducted. A comparison of the leaching conditions and uranium dioxide leaching rates are 
listed in Table 6.1. 
 














0.05 to 0.7 




350 kPa to 
1500 kPa 
(gauge) 
80°C  to 93°C 0.2 to 1.2 




170 kPa to 340 
kPa (gauge) 
100°C 0.1 to 0.4 




Air 22°C (± 4C) 0.002 to 0.003 
grams per hour 
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Table 6.1 (Continued) 
Reference Oxidant 
Pressure 













22°C (± 4C) 0.012 to 0.015 







22°C (± 4C) 0.02 grams per 
hour 
 
 Despite the differences in experimental conditions, the rates of leaching for the ozone 
injected leaching experiments reported on in this research are within an order of magnitude of 
the experiments conducted by other researchers at elevated pressures and temperatures.  This 
correlation is evidence that ozone is an effective oxidant that can be used in hydrometallurgical 
recovery applications (such as heap leaching) where creating conditions of elevated pressures 
and temperatures are not a practical option. 
 
 The leaching experiments conducted for the research conducted for this thesis and 
described in Chapter 5 are now summarized in the two tabulations presented below.  The first 
tabulation (Table 6.2) is a summary of the leaching performance observed in the suite of 
experiments performed with synthetic UO2 in an aqueous carbonate/bicarbonate electrolyte with 
injection of a selection of gaseous oxidants.  These experiments represent a model system that 
provided a basis for obtaining the maximum uranium leaching rate that could be expected for a 
specific gaseous oxidant. The ‘base-line’ case for the synthetic UO2 leaching experiments was 
determined by injection of the electrolyte with nitrogen and observing the recovery as a function 





Table 6.2 – Summary of Synthetic UO2 Leaching Experiments 
Experiment I.D. and 
Leaching Configuration 
Recovery for  
48-hours Leach 
Time to Achieve Recovery 
Attained in 48 hours by 
Previous Experiment 
Syn.UO2-N2// 2 & 3 
 
9.0% N/A 
Syn.UO2-Air// 1 & 3 
 
9.9% 37.1 hours 
Syn.UO2-O2// 2 & 3 
 
21.7% 11.6 hours 
Syn.UO2-O3// 1 & 2 
 
67.0% 6.0 hours 
Syn.UO2-O3// 3 & 4 
 
100% 10.2 hours 
 
 The objective of the Todilto Limestone Experiments was to assess the leaching 
performance of a uranium-bearing limestone rock.  The leaching performance thus obtained 
would then serve as a basis for evaluating the relative efficacy of each of the gaseous oxidants 
investigated.  The leaching experiments conducted for this suite of experiments, described in 
Chapter 5, are now summarized in Table 6.3. 
 
Table 6.3 – Summary of Todilto Limestone Leaching Experiments 
Experiment I.D. and 
Leaching Configuration 
Recovery for 48-hours 
Leach 
Time to Achieve Recovery 
Attained in 48 hours by 
Previous Experiment 
Todilto Limestone 




O3 (H)// 1 & 2 
 
51.3% 32.7 hours 
Todilto Limestone 
O3 (L)// 3 & 4 
 
46.9% 105 hours 
Todilto Limestone 
O3 (H-f)// 5 & 6 
 
74.4% 12 hours 
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Table 6.3 (Continued) 
 
Experiment I.D. and 
Leaching Configuration 
Recovery for 48-hours 
Leach 
Time to Achieve Recovery 
Attained in 48 hours by 
Previous Experiment 
Todilto Limestone 




O3(H-ht)// 9 & 10 
 
79.7% 52.4 hours* 
* Recovery-time comparison relative to Todilto Limestone-O3(H-f)// 5& 6 
   
6.2 Enumerated Conclusions 
 
 This section details the specific conclusions that can be stated on the correlation between 
speciation predictions obtained by use of the PHREEQ freeware and the experimental 
observations. A summary of the leaching behavior of the uranium-bearing resources in alkaline 
solutions is also presented.  In addition, details concerning limestone uranium deposits and cost 
estimates to apply ozone oxidation technology to the heap leaching of uranium are presented. 
 
6.2.1 PHREEQ Equilibrium Speciation Predictions 
 
 The speciation predictions generated by the PHREEQ software provided important 
insight into the leaching mechanisms proposed by other workers (Habashi and Thurston 1967 
and Nichol et al. 1975b).  The rates of leaching experienced for the experiments conducted are 
low enough in order to consider the system to be considered near-equilibrium.  No attempt was 
made to identify the species in the leach solutions generated for this thesis; therefore the 
speciation predicted by PHREEQ could not be verified by experimental verification.  This lack 
of experimental verification should not be considered a serious shortcoming, as the 
thermodynamic database (Lawrence Livermore National Laboratory) from which the PHREEQ 
calculations were made is well established.  In addition, the internal consistency of the 
calculations performed by the PHREEQ software was verified (Appendix B).   
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 Due to the very small concentration (2.0X10
-23
) of the UO2
2+
 ion; and the low 
concentration (2.3X10-14) of the neutral aquo complex (UO2(OH)2) predicted by PHREEQ, it is 
unlikely that the mechanism (Equation 3.23) proposed by Habashi and Thurston (1967) is valid 
for the synthetic UO2 leaching or the Todilto Limestone leaching scenarios. The PHREEQ 









 Molar) anions, provided strong evidence that the mechanism (Equation 
3.30) proposed by Nichol et al. (1975b) is representative of the species in the leach solutions. 
  
6.2.2 UO2 Leaching 
 
 It was expected that 100% recovery would be achieved with the UO2 leaching system if 
an appropriate amount of oxidant was used and the leach time was sufficient for the conversion 
to occur.  In this way, the UO2 leaching system was definitive.  Ozone, in principle, possesses a 
higher oxidation potential than oxygen.  It was demonstrated in this research that higher rates 
(than were achieved with oxygen) were indeed obtained when it was employed as an oxidant. 
The literature contains references to the high oxidation potentials associated with ozone 
decomposition products such as the hydroxyl radical.   However, the mechanism by which these 
higher rates were achieved (compared to oxygen at one atmosphere pressure) was not elucidated 
in this research. 
 
6.2.3 Todilto Limestone Leaching 
 
 The leaching behavior of the Todilto Limestone, unlike that of the synthetic uranium 
dioxide, is significantly different.   The Todilto Limestone is different from the tetravalent 
uranium dioxide in that the limestone is composed of heterogeneous particles.  This uranium-
bearing rock is comprised of not only tetravalent uranium (UO2), but in addition, contains 
hexavalent uranium (tyuyamunite (Ca(UO2)2(VO4)2·5-8H2O).    
 
 In addition, there are distinguishable morphological features between these two uranium-
bearing materials. The most prominent feature is the presence of calcite in the Todilto 
Limestone.  The calcite, which was shown to be stable (utilizing PHREEQ simulations) under 
144 
the leach conditions used for the study, is capable of occluding uranium-bearing-constituent 
particles.  Consequently, for a given particle-size of these constituents the uranium-content is not 
recoverable. Furthermore, electron photomicrographs provided evidence of calcite particles that 
were retained in the leach residue.  In principle, grinding the feed to a smaller particle size would 
liberate these inaccessible uranium entities.  This contention was demonstrated to be accurate 
whereby higher recovery was achieved with the experiments (Todilto Limestone ozone-injected 
experiments 5 to 10) that were performed utilizing material with a smaller grind size. 
 
6.2.4 World Limestone and Calcrete Uranium Deposit Resource and Historical Production 
Summary  
 
 Although a summary of near-surface limestone and calcrete uranium deposit reserves 
worldwide was not located in the open literature, production from several mining districts 
worldwide has been and continues to be an important source of uranium.  Table 6.4 presents a 
selected summary of several examples of these deposits. 
 










Yeelirrie and Lake 
Maitland,  Western 
Australia 
Calcrete 12,177 t U 
(resource) 





85 t U 
(production) 
Dahlkamp (2009) 
Grants, New Mexico Todilto 
Limestone 
3,025 t U 
(production) 
Chenowith (1985a) 
Pecs, Hungary Limestone 18,000 t U 
(production) 
Csoevari et. al (2005) 
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Table 6.4 (Continued) 
Langer Heinrich, 
Namibia 
Calcrete 13,510 t U 
(resource) 
Paladin Energy 
















Total Resources and 
Production 
 94,437 t U  
 
Total resources and historical production of uranium from limestone and calcrete deposits (listed 
in Table 6.4) represent (94,437 / 5,404,000 tU ) = 1.7% of worldwide identifiable resources of 
uranium recoverable at less than USD 130/kg U  (IAEA, 2010). 
 
6.2.5  Cost Estimates of Commercial-Scale Ozone Generation in Heap Leaching 
 Although it is not within the scope of this thesis to provide detailed cost estimates on a 
heap leach or in-situ recovery system; basic cost estimates are provided here to provide a guide 
to the application of ozone in an alkaline heap leach flowsheet.  Czegledi (1980) reports 65% 
uranium recovery from an alkaline heap leach in Hungary.  The heaps (70,000 tonnes total), 
containing tetravalent brannerite-coffinite ore were operated for 70 days.  The batch leaching 
experiment performed for this thesis project reported a 10% increase in recovery with the 
application of ozone injection (Experiment ID: Todilto Limestone-O3(H)// 1& 2; Table 5.2) as 
compared to air injection (Experiment ID: Todilto Limestone-Air// 1& 2; Table 5.2).  The ratio 
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of ozone to the uranium contained in the Todilto Limestone in the Todilto Limestone-O3(H)// 
1& 2 experiment was 10 grams of ozone applied to 1 gram of uranium.   
 
Using this 10:1 mass ratio of ozone to uranium, cost information concerning the 
application of a ozone system  is presented in Table 6.5.  An Ozone Solutions TS-450 ozone 
generator was selected as the source of ozone.  Additional costs, such as a gas distribution 
system and other oxidant delivery infrastructure are not considered here.  A cost-benefit analysis 
is presented in Table 6.6 
 
Table 6.5 – Ozone Generation Costs in Heap Leaching 
 
  Total Reference 
Mass of Uranium 
Contained in Heap 
70,000,000 kg * 
0.016% 
11,200 kg U 
 
Czegledi (1980) 
Mass of ozone 
required to oxidize 
uranium in heap 
(O3:U mass-ratio 10:1) 
11,200 kg * 10 112,000 kg ozone  
Cost of ozone required 
to oxidize uranium in 
heap 
$1.77/ kg * 
112,000 kg 
$198,240 Bierbaum and 
Oeller (2009) 
Cost of Ozone 
Solutions  TS-450 
ozone generator 
 $25,000 Ozone Solutions, 
Inc. (2012-c) 
Total capital and 
operating cost of 
ozone system 
 $223,740  
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 This research is expected to provide a significant contribution to the knowledge-base 
related to the leaching of uranium-bearing materials with ozone as the gaseous oxidant.  The 
commercial viability of employing ozone as the oxidant in the leaching of uranium-bearing 
materials (including acid-based systems) will be dependent on the successful development of 
ongoing research on the low-cost production of ozone by microbubble plasma reactors 
(Zimmerman et al. 2010).  In addition, efficient ozone distribution/injection systems will also 
have to be developed for heap leaching applications.  It is expected that challenges that may arise 
in these contexts will ultimately be overcome. 
 
 
Table 6.6 – Cost-Benefit Analysis of Commercial-Scale Ozone Application 
  Total 
Kg uranium 
recovered without 
added oxidant @ 
65% recovery 




ozone @ 75% 
recovery 
11,200 kg * 0.75 8400 kg U 
Additional U 
recovered 
8400 kg – 7280 kg 1120 kg U 
Uranium price 
necessary to break 
even using current 
(2013) ozone 
technology 
$223,740 / 1120 kg $199/kg U 




6.3 Recommendations for Further Research  
 
The following topics have been identified as being worthy of further research: 
 
1. Conduct uranium-bearing rock -leaching experiments in order to evaluate the rate 
enhancement achievable with smaller particle size than what was used for the purposes of the 
research reported in this thesis. 
 
2. Conduct leaching experiments on uranium-bearing materials (uranium-bearing rock ) at  
higher and lower temperatures than the nominal temperature that was employed for the leaching 
experiments reported in this thesis. 
 
3. Conduct leaching experiments in a commercial laboratory-scale stirred tank reactor (Figure 
6.1).  The fluid-dynamic conditions present in such a system would then provide for well-
controlled suspension of the particulate phase in the slurry. Leaching experiments with higher 
pulp-density, more appropriate to a commercial leaching-system, could then be performed. 
 
 
Figure 6.1 – Generic Stirred Tank Reactor Rendering 
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4. Conduct percolation column leaching experiments with gaseous oxidant injection via an 
aqueous-phase eductor that provides for mixing of the gas with the lixiviant.  The performance 
characteristics observed with such a system would be directly correlateable to heap-leach 
technology. 
 
5.  Conduct an eight-ton heap-leach pilot-scale experiment, similar to that was conducted at the 
Colorado School of Mines Research Institute (Merritt, et al.  1978-II), in order to ‘calibrate’ the 
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APPENDIX A   NUCLEAR POWER BASICS 
 
Electricity is generated from fissionable isotopes of uranium and plutonium in a nuclear 
reactor core by means of nuclear chain reaction that is initiated, controlled, and sustained at a 
steady rate.  Fission is a nuclear reaction in which the nucleus of an atom is split into lighter 
nuclei, producing fast neutrons, photons, and heat.  The initiation of fission in Uranium-235 is by 
means of neutron sources regularly distributed throughout the core of a nuclear reactor.  The rate 
of fission is controlled by rods containing alloys of cadmium, boron, or hafnium that absorb 
neutrons (Steed 2006).   
 
Commercial power reactors have moderator such as light water, heavy water (deuterium-
enriched water) or graphite in the core that causes the fast neutrons with an energy of 1 million 
electron volts to lose kinetic energy and become thermal neutrons with an energy of less than 1 
electron volt.  Thermal neutrons readily initiate fission in uranium-235 and plutonium-239. In the 
case of reactors that utilize light water as the moderator, the percentage of the fissile uranium-
235 isotope relative to the more prevalent non-fissile uranium-238 isotope must be increased 
from a naturally occurring 0.7% to between 2% and 5% uranium-235.  The process of increasing 
the relative amount of uranium-238 is termed “enrichment”.  In addition to the release of energy 
provided by the fission of uranium-235, the plutonium that is created as part of the fission 
process is also fissioned and contributes to the overall release of energy. 
  
 In the case of heavy water moderated reactors and some graphite moderated designs, the 
uranium fuel does not need to be enriched.  Nuclear fuel typically consists of pellets of uranium 
dioxide (approximately 1 cm in diameter) that are loaded into zircon alloy (zircaloy) tubes that 
are arranged into bundles of up to 260 rods that form fuel assemblies which are typically 4 
meters long (Dresser 1993).  At an enrichment of 4% uranium-235,   170 tons of natural uranium 
equivalent per year are needed to operate a 1 GWe power plant.  At 45,000 MWd/t burn-up this 
gives 360,000 kWh electrical per kg, which gives a  fuel cost of  0.77 cents/kWh.  (Dittmar 






Cost to Produce 1 kg reactor fuel (USD, March 2011) 
Source: World Nuclear Association (2012-1) 
 
Uranium: 8.9 kg U3O8 x $146 US$ 1300 
Conversion: 7.5 kg U x $13 US$ 98 
Enrichment: 7.3 SWU x $155 
US$ 1132 
  
Fuel fabrication: per kg US$ 240 
 Total, approx:   US$ 2770 
 
The reactor core is surrounded by a pressure vessel that contains the coolant which is 
usually water.  The heat from the nuclear chain reaction boils the water at approximately 285°C 
at 70 atmospheres of pressure in the case of the boiling water reactor design (BWR) or heats the 
water to 315 C and 160 atmospheres in the case of the pressurized water reactor (PWR). In the 
case of designs like the CANDU reactor, the fuel assemblies are surrounded by pressure tubes 
instead of the large pressurized shell used with the BWR and PWR designs.  The coolant 
transfers the heat from the nuclear reaction from the core to the steam generator in the primary 
coolant loop.   
The coolant in the primary loop is isolated from the secondary coolant in the steam 
generator to prevent tritium contamination in the primary coolant from escaping to the 
environment.  The core is surrounded by a containment vessel that provides secondary 
containment of the core.  The steam from the generator is used to power turbines that run 
electrical generators (Bodansky 1996).  Examples of several reactor- type design-schematics are 
displayed in Figure A1-1.  The characteristics associated with these reactor designs are listed in 







Figure A-1  Nuclear Reactor Schematics 
                       Source: World Nuclear Association 2011 “Nuclear Power Reactor Characteristics –       
WNA Pocket Guide  “ 
 
 
The first commercial scale nuclear reactor for electrical generation went online in 1956.  
The Calder Hall Reactor  in Sellafield, U.K. operated until 2003 and had a capacity of 240 
megawatts electrical (The Engineer Magazine 1956). Calder Hall also produced plutonium for 
the British nuclear weapons program until 1995 (Hayes 2006).  The first commercial atomic 
power plant in the United States started operation in Shippingport, Pennsylvania in 1957  Over 
its 25-year life, the power plant operated for about 80,324 hours, producing about 7.4 







Table A-2   Types of Nuclear Reactors and Design Characteristics 
Source: World Nuclear Association 2011 “Nuclear Power Reactor Characteristics – WNA 




Currently, there are 104 commercial nuclear reactors operating in the United States 
producing approximately 20% of the total electricity generated. These reactors are operated at 63 
nuclear plants which produce 807 billion watt-hours [BWh] of electricity (Nuclear Energy 
Review 2011).  Some industry analysts expect that 4 to 6 new nuclear reactors may begin 
operation in the United States by 2020. The economic viability of some of these reactor 
construction projects may be affected by natural gas prices that started a steep decline in 2009 
(Nuclear Energy Institute 2012-1). 
 
In February of 2012, the U.S. Nuclear Regulatory Commission (NRC) approved the 
construction and operation of two Westinghouse AP1000 reactors at Georgia Power’s Vogtle 
plant near Waynesboro, GA.   Additionally, the NRC approved construction and operating 
licenses for two AP1000 reactors near Jenkinsville, South Carolina.  The construction costs for 
AP1000 reactors are shown in Table A1-3.  Approximately sixty reactors are under construction 
worldwide as of September 2012.  A list of these reactor construction projects is shown in Table 
A1-4.   
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 On March 11, 2011, a 9.0 magnitude earthquake struck off the coast of Sendai, Japan, 
triggering a large tsunami. The earthquake and ensuing damage resulted in an immediate 
shutdown of 12,000 MW of electric generating capacity at four nuclear power stations (Energy 
Information Administration 2012).   
 
  Prior to the earthquake, the Japanese government had planned to increase its nuclear 
generation capacity from 49 GW to 68 GW by 2030 (Energy Efficiency News 2012).  This plan 
would have increased the share of nuclear energy from 24 percent of total electrical generation in 
2008 to 50 percent in 2030 (Energy Information Administration 2012). In response to 
pressure from Japanese citizens, the government had announced that nuclear power would be 
phased out in favor of natural gas, oil, and renewable energy sources.   Despite the announced 
“phase out” the plans to complete three nuclear reactors under construction at the time of the 
earthquake would remain unchanged  (Tabuchi 2012).  In September 2012, the Japanese 
Government announced that a complete phase out of nuclear power by 2030 may not be 
technically feasible (McCurry 2012).   It remains to be seen what the long term effect of the 
earthquake will be.  
 
Policy makers in the oil-rich nations of the Middle East have recognized that their oil 
reserves are not infinite and have embraced nuclear energy and renewable energy.  Politically 
moderate states such as the United Arab Emirates, Saudi Arabia, and Jordan have worked closely 
with the International Atomic Energy Agency to develop nuclear non-proliferation safeguards 
for their emerging nuclear programs. 
 
 The Barakah One Company plans to build four nuclear reactor in the United Arab 
Emirates 220 kilometers from the city of Abu Dhabi (Reuters 2012). As of September 2012, the 
1400 MWe Barakah-Unit one reactor was under construction (Figure A1- 2) (International 
Atomic Energy Agency 2012).   
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Figure A-2 Barakah Reactor Under Construction 
Source:  Emirates Nuclear Energy Corporation (2012).   
 
 The government of Saudi Arabia, in 2009, announced its intention to pursue a nuclear 
power program.  A Saudi Royal-decree stated : "The development of atomic energy is essential 
to meet the Kingdom's growing requirements for energy to generate electricity, produce 
desalinated water and reduce reliance on depleting hydrocarbon resources."  Since this decree, 
the government has hired consultancy firms to explore possible sites for nuclear facilities, and 
has been accepting bids from nuclear engineering companies.  Projections by the Saudi nuclear 
agency KA-CARE show the construction of 16 reactors by 2032, which would provide 17 GWe 
generation and approximately 20% of Saudi Arabia’s total electrical generation capacity (World 
Nuclear Association 2012-3).   
 
Table A-3 Costs of Westinghouse AP1000 Nuclear Reactors (1117 MWe capacity) 

































10.5 2 Rosner, et al. (2011) 
Lee, SC (Duke 
Energy) 
11 2 Rosner, et al. (2011) 










17 8 Nuclear Power News (2009)  
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Table A-4  Reactors Under Construction Worldwide 




COUNTRY  REACTOR TYPE MWe (net) 
2012 Iran, AEOI Bushehr 1 PWR 950 
2012 Russia, Rosenergoatom Kalinin 4 PWR 950 
2012 Canada, Bruce Pwr Bruce A1 PHWR 769 
2012 Canada, Bruce Pwr Bruce A2 PHWR 769 
2012 Canada, NB Power Point Lepreau 1 PHWR 635 
2012 India, NPCIL Kudankulam 1 PWR 950 
2012 India, NPCIL Kudankulam 2 PWR 950 
2012 China, CNNC Qinshan phase II-4 PWR 650 
2012 China, CGNPC Hongyanhe 1 PWR 1080 
2012 China, CGNPC Ningde 1 PWR 1080 
2013 Korea, KHNP Shin Wolsong 2 PWR 1000 
2013 Korea, KHNP Shin-Kori 3 PWR 1350 
2013 Russia, Rosenergoatom Leningrad II-1 PWR 1070 
2013 Argentina, CNEA Atucha 2 PHWR 692 
2013 China, CNNC Sanmen 1 PWR 1250 
2013 China, CGNPC Ningde 2 PWR 1080 
2013 China, CGNPC Yangjiang 1 PWR 1080 
2013 China, CGNPC Taishan 1 PWR 1700 
2013 China, CNNC Fangjiashan 1 PWR 1080 
2013 China, CNNC Fuqing 1 PWR 1080 
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Table A-4 (Continued) 
Commercial  
Operation* 
COUNTRY  REACTOR TYPE MWe (net) 
2013 China, CGNPC Hongyanhe 2 PWR 1080 
2013 India, Bhavini Kalpakkam FBR 470 
2014 Finland, TVO Olkilouto 3 PWR 1600 
2014 Russia, Rosenergoatom Vilyuchinsk PWR x 2 70 
2014 Russia, Rosenergoatom Novovoronezh II-1 PWR 1070 
2014 Slovakia, SE Mochovce 3 PWR 440 
2014 Slovakia, SE Mochovce 4 PWR 440 
2014 Taiwan Power Lungmen 1 ABWR 1300 
2014 China, CNNC Sanmen 2 PWR 1250 
2014 China, CPI Haiyang 1 PWR 1250 
2014 China, CGNPC Ningde 3 PWR 1080 
2014 China, CGNPC Hongyanhe 3 PWR 1080 
2014 China, CGNPC Hongyanhe 4 PWR 1080 
2014 China, CGNPC Yangjiang 2 PWR 1080 
2014 China, CGNPC Taishan 2 PWR 1700 
2014 China, CNNC Fangjiashan 2 PWR 1080 
2014 China, CNNC Fuqing 2 PWR 1080 
2014 China, CNNC Changjiang 1 PWR 650 
2014 Korea, KHNP Shin-Kori 4 PWR 1350 






Table A-4 (Continued) 
Commercial  
Operation* 
COUNTRY  REACTOR TYPE MWe (net) 
2014? Japan, EPDC/J Power Ohma 1 ABWR 1350 
2014 Russia, Rosenergoatom Beloyarsk 4 FNR 750 
2015 USA, TVA Watts Bar 2 PWR 1180 
2015 Russia, Rosenergoatom Rostov 3 PWR 1070 
2015 Taiwan Power Lungmen 2 ABWR 1300 
2015 China, CGNPC Yangjiang 3 PWR 1080 
2015 China, CPI Haiyang 2 PWR 1250 
2015 China, CGNPC Ningde 4 PWR 1080 
2015 China, CGNPC Fangchenggang 1 PWR 1080 
2015 China, CNNC Changjiang 2 PWR 650 
2015 China, CNNC Fuqing 3 PWR 1080 
2015 China, China Huaneng Shidaowan HTR 200 
2015 India, NPCIL Kakrapar 3 PHWR 640 
2015  China, CNNC Hongshiding 1 PWR 1080 
2016 France, EdF Flamanville 3 PWR 1600 
2016 Russia, Rosenergoatom Novovoronezh II-2 PWR 1070 
2016 Russia, Rosenergoatom Leningrad II-2 PWR 1200 
2016 Ukraine, Energoatom Khmelnitsky 3 PWR 1000 
2016 India, NPCIL Kakrapar 4 PHWR 640 
2016 India, NPCIL Rajasthan 7 PHWR 640 
2016 China, CGNPC Yangjiang 4 PWR 1080 
2016 China, CGNPC Hongyanhe 5 PWR 1080 
2016 China, CGNPC several others PWR  







Table A-4 (Continued) 
Commercial  
Operation* 
COUNTRY  REACTOR TYPE MWe (net) 
2016 USA, Southern Vogtle 3 PWR 1200 
2017 Russia, Rosenergoatom Baltic 1 PWR 1200 
2017 Russia, Rosenergoatom Rostov 4 PWR 1200 
2017 Russia, Rosenergoatom Leningrad II-3 PWR 1200 
2017 Ukraine, Energoatom Khmelnitsky 4 PWR 1000 
2017 Korea, KHNP Shin-Ulchin 1 PWR 1350 
2017 India, NPCIL Rajasthan 8 PHWR 640 
2017 Romania, SNN Cernavoda 3 PHWR 655 
2017? Japan, JAPC Tsuruga 3 APWR 1538 
2017 Pakistan, PAEC Chashma 4 PWR 300 
2017 USA, Southern Vogtle 4 PWR 1200 
2017 USA, SCEG Summer 2 PWR 1200 













APPENDIX B   INTERNAL CONSISTENCY VERIFICATION OF PHREEQ 
 
The internal consistency of the PHREEQC software was verified by comparing the equilibrium 
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APPENDIX C   PHREEQC CALCULATIONS– SYNTHETIC UO2 SOLUTION 
 
Database file: C:\Program Files\Phreeqc\Databases\llnl.dat 
temp 25 
   units mol/kgw 
   Ph 10.1 CHARGE 
 temp    25.0 
 C .56 as CO3-2 
 Na .94 
 U .0037 as U+4 




 Elements           Molality       Moles 
 
 C                 5.600e-01   5.600e-01 
 Na                9.400e-01   9.400e-01 
 O(0)              4.031e-04   4.031e-04  Equilibrium with O2(g) 
 U                 3.700e-03   3.700e-03 
 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  10.094      Charge balance 
                                       pe  =   4.000     
                        Activity of water  =   0.978 
                           Ionic strength  =   1.054e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   9.474e-01 
                       Total CO2 (mol/kg)  =   5.600e-01 
                      Temperature (deg C)  =  25.000 
                  Electrical balance (eq)  =  -3.767e-14 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =  12 
                                  Total H  = 1.112236e+02 




 Redox couple             pe        Eh (volts) 
 
 O(-2)/O(0)          10.5120      0.6218 
 




                                                                         Log        Log             
Log  
   Species                  Molality     Activity   Molality   Activity     Gamma 
   OH-                     1.841e-04    1.168e-04     -3.735     -3.932         0.197 
   H+                             9.845e-11    8.061e-11    -10.007         -10.094        0.087 
   H2O                         5.553e+01    9.775e-01      1.744    -0.010       0.000           
   CO3-2                       2.619e-01    4.243e-02     -0.582       -1.372        0.790 
   HCO3-                          1.167e-01    7.709e-02     -0.933              - 1.113        0.180 
   NaCO3-                    1.143e-01    7.545e-02     -0.942     -1.122        0.180 
   NaHCO3                   5.605e-02    5.605e-02     -1.251     -1.251        0.000 
   NaOH                    1.025e-05    1.025e-05     -4.989     -4.989        0.000 
   O2                      2.016e-04    2.556e-04     -3.696            -3.592             0.103 
   U+3                     0.000e+00    0.000e+00    -74.423         -76.138         -1.715 
   U(OH)4                  1.018e-27    1.018e-27    -26.992        -26.992          0.000 
   U(CO3)5-6               2.657e-28    2.666e-36    -27.576        -35.574        -7.999 
   U(CO3)4-4               2.582e-30    7.605e-34    -29.588         -33.119        -3.531 
   UOH+3                   0.000e+00    0.000e+00    -51.535      -53.250         -1.715 
   U+4                     0.000e+00    0.000e+00    -59.890       -62.788          -2.897 
   UO2(CO3)3-5            7.185e-18    2.066e-23    -17.144        -22.685        -5.541 
   UO2+2                    1.505e-26   9.941e-27    -25.822        -26.003        -0.180 
   UO2(CO3)3-4          3.700e-03            1.090e-06    -2.432           -5.963         -3.531 
   CO2                           1.163e-05          1.475e-05       -4.935     -4.831     0.103 
   UO2(CO3)2-2          4.044e-09           5.709e-10      -8.393     -9.243       -0.850 
   UO2CO3                    6.995e-16          6.995e-16        -15.155         -15.155    0.000 
   (UO2)3(CO3)6-6        2.639e-17          2.648e-25      -16.579    -24.577    -7.999 
   UO2(CO3)3-5             7.185e-18         2.066e-23       -17.144    -22.685    -5.541 
   (UO2)2CO3(OH)3-        1.669e-19   1.102e-19        -18.778         -18.958        -0.180 
   U(CO3)5-6                2.657e-28    2.666e-36       -27.576       -35.574         -7.999 
   U(CO3)4-4               2.582e-30            7.605e-34      -29.588     -33.119           -3.531 
   (UO2)3(OH)5CO2+          0.000e+00   0.000e+00   -40.667       -40.848         -0.180 
   (UO2)3O(OH)2(HCO3)+    0.000e+00   0.000e+00   -40.751        40.931     -0.180 





 Phase               SI log IAP  log KT 
 
 C                -71.75   -7.60   64.15  C 
 C(g)            -189.37   -7.60  181.77  C 
 CH4(g)           -93.18  -96.03   -2.84  CH4 
 CO(g)            -35.05  -38.05   -3.00  CO 
 CO2(g)           -3.37  -11.20   -7.83  CO2 
 H2(g)           -28.19  -31.29   -3.10  H2 
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 H2O(g)           -1.60   -0.01    1.59  H2O 
 Ice              -0.15   -0.01    0.14  H2O 
 Na              -56.68   10.69   67.37  Na 
 Na(g)           -70.17   10.69   80.86  Na 
 Na2CO3           -2.77    8.39   11.16  Na2CO3 
 Na2CO3:7H2O      -1.61    8.32    9.94  Na2CO3:7H2O 
 Na2O            -47.83   19.59   67.42  Na2O 
 Na2U2O7          -9.61   12.98   22.59  Na2U2O7 
 Na2UO4(alpha)   -13.73   16.28   30.02  Na2UO4 
 Na3UO4          -42.77   13.47   56.24  Na3UO4 
 Na4UO2(CO3)3     -1.76    2.28    4.04  Na4UO2(CO3)3 
 Nahcolite        -1.27   -1.41   -0.14  NaHCO3 
 Natron           -1.29    8.29    9.59  Na2CO3:10H2O 
 NaUO3           -14.45   -6.12    8.33  NaUO3 
 O2(g)            -0.70   -3.59   -2.89  O2 
 Rutherfordine   -10.38  -14.50   -4.12  UO2CO3 
 Schoepite        -8.16   -3.33    4.83  UO3:2H2O 
 Schoepite-dehy(.393) -10.03   -3.31    6.72  UO3:.393H2O 
 Schoepite-dehy(.648)  -9.52   -3.31    6.21  UO3:.648H2O 
 Schoepite-dehy(.85)  -8.41   -3.31    5.10  UO3:.85H2O 
 Schoepite-dehy(.9)  -8.33   -3.31    5.02  UO3:.9H2O 
 Schoepite-dehy(1.0)  -8.42   -3.32    5.10  UO3:H2O 
 Thermonatrite    -2.55    8.38   10.94  Na2CO3:H2O 
 U              -210.68    2.08  212.77  U 
 U(CO3)2         -52.35  -44.83    7.52  U(CO3)2 
 U(g)           -296.24    2.08  298.32  U 
 U2C3           -564.38 -109.17  455.21  U2C3 
 UC             -245.57  -50.78  194.79  UC 
 UC1.94(alpha)  -315.05  -57.93  257.12  UC1.94 
 UH3(beta)      -240.27  -40.50  199.77  UH3 
 UO(g)          -211.36    0.29  211.65  UO 
 UO2(am)         -22.54  -22.43    0.11  UO2 
 UO2(g)         -127.10   -1.51  125.60  UO2 
 UO2(OH)2(beta)   -8.26   -3.32    4.95  UO2(OH)2 
 UO2.25          -14.34  -19.17   -4.84  UO2.25 
 UO2.25(beta)    -14.41  -19.17   -4.76  UO2.25 
 UO2.3333(beta)  -18.35  -46.06  -27.71  (UO2.3333)2 
 UO2.6667         -3.66  -47.26  -43.60  (UO2.6667)2 
 UO2CO3          -10.37  -14.50   -4.13  UO2CO3 
 UO3(alpha)      -11.95   -3.31    8.64  UO3 
 UO3(beta)       -11.62   -3.31    8.31  UO3 
 UO3(g)          -74.26   -3.31   70.95  UO3 
 UO3(gamma)      -11.01   -3.31    7.71  UO3 
 UO3:.9H2O(alpha)  -8.33   -3.31    5.02  UO3:.9H2O 
 UO3:2H2O         -8.16   -3.33    4.84  UO3:2H2O 
 Uraninite       -17.60  -22.43   -4.83  UO2 
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APPENDIX D   ICP-MS ANALYSIS OF TODILTO LIMESTONE 







APPENDIX E   PHREEQ CALCULATIONS; TODILTO 
LIMESTONE O3 INJECTED LEACH 9 SOLUTION 
Database file: C:\Program Files\Phreeqc\Databases\llnl.dat 
temp 25 
   units mol/kgw 
   Ph 10.1 CHARGE 
 temp    25.0 
 C 1.57 as CO3-2 
 Na .9569 
 Ca .95 
 Fe .0090 
 Mg .0206 
 U .0014 
 Al .0093 
 B .0231 
 Ti .0021 
 Zn .0015 
 V .0011 
 Cr .0010 
  Cu .0008 
  K 0.004 





 Elements           Molality       Moles 
 
 Al                9.300e-03   9.300e-03 
 B                 2.310e-02   2.310e-02 
 C                 1.570e+00   1.570e+00 
 Ca                9.500e-01   9.500e-01 
 Cr                1.000e-03   1.000e-03 
 Cu                8.000e-04   8.000e-04 
 Fe                9.000e-03   9.000e-03 
 K                 4.000e-03   4.000e-03 
 Mg                2.060e-02   2.060e-02 
 Na                9.569e-01   9.569e-01 
 O(0)              3.909e-04   3.909e-04  Equilibrium with O2(g) 
 Ti                2.100e-03   2.100e-03 
 U                 1.400e-03   1.400e-03 
 V                 1.100e-03   1.100e-03 
 Zn                1.500e-03   1.500e-03 
 
----------------------------Description of solution---------------------------- 
 
                               pH  =   9.925      Charge balance 
                                       pe  =   4.000     
                        Activity of water  =   0.959 
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                           Ionic strength  =   1.196e+00 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   2.945e+00 
                       Total CO2 (mol/kg)  =   1.570e+00 
                      Temperature (deg C)  =  25.000 
                  Electrical balance (eq)  =  -8.037e-16 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =  15 
                                  Total H  = 1.114213e+02 
                                  Total O  = 6.038062e+01 
---------------------------------Redox couples--------------------------------- 
 
 Redox couple             pe  Eh (volts) 
 
 O(-2)/O(0)          10.6845      0.6321 
 
----------------------------Distribution of species---------------------------- 
 
                                                       Log       Log         Log  
   Species                   Molality    Activity  Molality  Activity     Gamma 
 
   OH-                      1.229e-04   7.779e-05    -3.910    -4.109    -0.199 
   H+                       1.438e-10   1.188e-10    -9.842    -9.925    -0.083 
   H2O                      5.553e+01   9.589e-01     1.744    -0.018     0.000 
Al                  9.300e-03 
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   AlO2-                    8.748e-03   5.775e-03    -2.058    -2.238    -0.180 
   NaAlO2                   5.497e-04   5.497e-04    -3.260    -3.260     0.000 
   HAlO2                    2.002e-06   2.002e-06    -5.698    -5.698     0.000 
   Al(OH)2+                 2.475e-10   1.634e-10    -9.606    -9.787    -0.180 
   AlOH+2                   5.568e-14   8.716e-15   -13.254   -14.060    -0.805 
   Al+3                     1.327e-18   9.635e-20   -17.877   -19.016    -1.139 
   Al13O4(OH)24+7          6.174e-21   1.447e-29   -20.209   -28.840    -8.630 
   Al2(OH)2+4              1.116e-23   1.235e-26   -22.952   -25.908    -2.956 
   Al3(OH)4+5              1.199e-27   5.009e-32   -26.921   -31.300    -4.379 
B(-5)            0.000e+00 
   BH4-                     0.000e+00   0.000e+00  -169.198  -169.378    -0.180 
B(3)             2.310e-02 
   BO2-                     9.827e-03   6.488e-03    -2.008    -2.188    -0.180 
   NaB(OH)4                5.894e-03   5.894e-03    -2.230    -2.230     0.000 
   CaB(OH)4+               5.697e-03   3.761e-03    -2.244    -2.425    -0.180 
   B(OH)3                   1.378e-03   1.378e-03    -2.861    -2.861     0.000 
   MgB(OH)4+               3.043e-04   2.009e-04    -3.517    -3.697    -0.180 
   B2O(OH)5-               5.000e-15   3.301e-15   -14.301   -14.481    -0.180 
C(-2)            0.000e+00 
   C2H4                     0.000e+00   0.000e+00  -185.160  -185.160     0.000 
C(-3)            0.000e+00 
   C2H6                     0.000e+00   0.000e+00  -144.124  -144.124     0.000 
C(-4)            0.000e+00 
   CH4                      0.000e+00   0.000e+00   -94.316   -94.316     0.000 
C(2)             4.392e-38 
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   CO                       4.392e-38   4.392e-38   -37.357   -37.357     0.000 
C(4)             1.570e+00 
   CaCO3                    8.851e-01   8.851e-01    -0.053    -0.053     0.000 
   CO3-2                    2.730e-01   4.273e-02    -0.564    -1.369    -0.805 
   HCO3-                    1.733e-01   1.144e-01    -0.761    -0.942    -0.180 
   NaCO3-                   1.130e-01   7.461e-02    -0.947    -1.127    -0.180 
   NaHCO3                   8.165e-02   8.165e-02    -1.088    -1.088     0.000 
   CaHCO3+                 1.835e-02   1.212e-02    -1.736    -1.917    -0.180 
   MgCO3                    1.814e-02   1.814e-02    -1.741    -1.741     0.000 
   UO2(CO3)3-4             1.400e-03   3.352e-07    -2.854    -6.475    -3.621 
   MgHCO3+                 8.074e-04   5.330e-04    -3.093    -3.273    -0.180 
   Cu(CO3)2-2              7.928e-04   1.073e-04    -3.101    -3.969    -0.868 
   ZnCO3                    7.699e-04   7.699e-04    -3.114    -3.114     0.000 
   CO2                      2.512e-05   3.286e-05    -4.600    -4.483     0.117 
   ZnHCO3+                 9.582e-06   6.326e-06    -5.019    -5.199    -0.180 
   CuCO3(OH)2-2            5.772e-06   7.815e-07    -5.239    -6.107    -0.868 
   CuCO3                    1.410e-06   1.410e-06    -5.851    -5.851     0.000 
   FeCO3                    1.062e-08   1.062e-08    -7.974    -7.974     0.000 
   UO2(CO3)2-2             1.288e-09   1.743e-10    -8.890    -9.759    -0.868 
   FeHCO3+                 3.982e-10   2.629e-10    -9.400    -9.580    -0.180 
   FeCO3+                   1.569e-12   1.036e-12   -11.804   -11.985    -0.180 
   UO2CO3                   2.121e-16   2.121e-16   -15.674   -15.674     0.000 
   UO2(CO3)3-5             3.078e-18   6.354e-24   -17.512   -23.197    -5.685 
   (UO2)3(CO3)6-6          1.218e-18   7.541e-27   -17.914   -26.123    -8.208 
   (UO2)2CO3(OH)3-         4.496e-21   2.968e-21   -20.347   -20.528    -0.180 
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   U(CO3)5-6                6.579e-28   4.074e-36   -27.182   -35.390    -8.208 
   U(CO3)4-4                4.819e-30   1.154e-33   -29.317   -32.938    -3.621 
   (UO2)3(OH)5CO2+         0.000e+00   0.000e+00   -42.767   -42.947    -0.180 
   (UO2)3O(OH)2(HCO3)+    0.000e+00   0.000e+00   -42.842   -43.022    -0.180 
   (UO2)11(CO3)6(OH)12-2   0.000e+00   0.000e+00  -116.132  -117.000    -0.868 
Ca               9.500e-01 
   CaCO3                    8.851e-01   8.851e-01    -0.053    -0.053     0.000 
   Ca+2                     4.080e-02   8.937e-03    -1.389    -2.049    -0.659 
   CaHCO3+                 1.835e-02   1.212e-02    -1.736    -1.917    -0.180 
   CaB(OH)4+               5.697e-03   3.761e-03    -2.244    -2.425    -0.180 
   CaOH+                    1.544e-05   1.019e-05    -4.811    -4.992    -0.180 
Cr(2)            9.604e-35 
   Cr+2                     9.604e-35   1.503e-35   -34.018   -34.823    -0.805 
Cr(3)            1.543e-10 
   Cr(OH)4-                 1.272e-10   8.396e-11    -9.896   -10.076    -0.180 
   Cr(OH)3                  2.612e-11   2.612e-11   -10.583   -10.583     0.000 
   Cr(OH)2+                 9.777e-13   6.455e-13   -12.010   -12.190    -0.180 
   CrOH+2                   2.560e-16   4.007e-17   -15.592   -16.397    -0.805 
   Cr+3                     6.836e-22   4.962e-23   -21.165   -22.304    -1.139 
   Cr2(OH)2+4              1.264e-27   1.398e-30   -26.898   -29.854    -2.956 
   Cr3(OH)4+5              8.801e-32   3.676e-36   -31.055   -35.435    -4.379 
Cr(5)            6.971e-05 
   CrO4-3                   6.971e-05   6.730e-07    -4.157    -6.172    -2.015 
Cr(6)            9.303e-04 
   CrO4-2                   9.302e-04   1.259e-04    -3.031    -3.900    -0.868 
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   HCrO4-                   7.533e-08   4.973e-08    -7.123    -7.303    -0.180 
   Cr2O7-2                  6.360e-13   8.610e-14   -12.197   -13.065    -0.868 
   H2CrO4                   2.700e-19   2.700e-19   -18.569   -18.569     0.000 
Cu(1)            2.868e-13 
   Cu+                      2.868e-13   1.894e-13   -12.542   -12.723    -0.180 
Cu(2)            8.000e-04 
   Cu(CO3)2-2              7.928e-04   1.073e-04    -3.101    -3.969    -0.868 
   CuCO3(OH)2-2            5.772e-06   7.815e-07    -5.239    -6.107    -0.868 
   CuCO3                    1.410e-06   1.410e-06    -5.851    -5.851     0.000 
   CuOH+                    2.182e-09   1.441e-09    -8.661    -8.841    -0.180 
   CuO2-2                   4.193e-11   5.677e-12   -10.377   -11.246    -0.868 
   Cu+2                     1.579e-11   3.459e-12   -10.802   -11.461    -0.659 
Fe(2)            1.106e-08 
   FeCO3                    1.062e-08   1.062e-08    -7.974    -7.974     0.000 
   FeHCO3+                 3.982e-10   2.629e-10    -9.400    -9.580    -0.180 
   Fe+2                     1.999e-11   4.379e-12   -10.699   -11.359    -0.659 
   FeOH+                    1.693e-11   1.118e-11   -10.771   -10.952    -0.180 
   Fe(OH)2                  7.170e-13   7.170e-13   -12.144   -12.144     0.000 
   Fe(OH)3-                 3.491e-13   2.305e-13   -12.457   -12.637    -0.180 
   Fe(OH)4-2                1.375e-17   1.861e-18   -16.862   -17.730    -0.868 
Fe(3)            9.000e-03 
   Fe(OH)4-                 6.789e-03   4.482e-03    -2.168    -2.349    -0.180 
   Fe(OH)3                  2.210e-03   2.210e-03    -2.656    -2.656     0.000 
   Fe(OH)2+                 8.863e-07   5.852e-07    -6.052    -6.233    -0.180 
   FeCO3+                   1.569e-12   1.036e-12   -11.804   -11.985    -0.180 
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   FeOH+2                   1.398e-12   2.189e-13   -11.854   -12.660    -0.805 
   Fe+3                     5.784e-20   4.198e-21   -19.238   -20.377    -1.139 
   Fe2(OH)2+4              1.165e-21   1.289e-24   -20.934   -23.890    -2.956 
   Fe3(OH)4+5              3.773e-24   1.576e-28   -23.423   -27.802    -4.379 
H(0)             1.711e-31 
   H2                       8.557e-32   1.119e-31   -31.068   -30.951     0.117 
K                4.000e-03 
   K+                       4.000e-03   2.410e-03    -2.398    -2.618    -0.220 
   KOH                      6.748e-08   6.748e-08    -7.171    -7.171     0.000 
Mg               2.060e-02 
   MgCO3                    1.814e-02   1.814e-02    -1.741    -1.741     0.000 
   Mg+2                     1.353e-03   4.012e-04    -2.869    -3.397    -0.528 
   MgHCO3+                 8.074e-04   5.330e-04    -3.093    -3.273    -0.180 
   MgB(OH)4+               3.043e-04   2.009e-04    -3.517    -3.697    -0.180 
   Mg4(OH)4+4              1.770e-11   1.958e-14   -10.752   -13.708    -2.956 
Na               9.569e-01 
   Na+                      7.558e-01   4.990e-01    -0.122    -0.302    -0.180 
   NaCO3-                   1.130e-01   7.461e-02    -0.947    -1.127    -0.180 
   NaHCO3                   8.165e-02   8.165e-02    -1.088    -1.088     0.000 
   NaB(OH)4                5.894e-03   5.894e-03    -2.230    -2.230     0.000 
   NaAlO2                   5.497e-04   5.497e-04    -3.260    -3.260     0.000 
   NaOH                     6.697e-06   6.697e-06    -5.174    -5.174     0.000 
O(0)             3.909e-04 
   O2                       1.954e-04   2.556e-04    -3.709    -3.592     0.117 
Ti               2.100e-03 
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   Ti(OH)4                  2.100e-03   2.100e-03    -2.678    -2.678     0.000 
U(3)             0.000e+00 
   U+3                      0.000e+00   0.000e+00   -74.219   -75.969    -1.750 
U(4)             9.576e-28 
   U(CO3)5-6                6.579e-28   4.074e-36   -27.182   -35.390    -8.208 
   U(OH)4                   2.948e-28   2.948e-28   -27.530   -27.530     0.000 
   U(CO3)4-4                4.819e-30   1.154e-33   -29.317   -32.938    -3.621 
   UOH+3                    0.000e+00   0.000e+00   -51.508   -53.258    -1.750 
   U+4                      0.000e+00   0.000e+00   -59.663   -62.620    -2.956 
U(5)             3.078e-18 
   UO2(CO3)3-5             3.078e-18   6.354e-24   -17.512   -23.197    -5.685 
   UO2+                     4.532e-27   2.992e-27   -26.344   -26.524    -0.180 
U(6)             1.400e-03 
   UO2(CO3)3-4             1.400e-03   3.352e-07    -2.854    -6.475    -3.621 
   UO2(CO3)2-2             1.288e-09   1.743e-10    -8.890    -9.759    -0.868 
   UO2(OH)3-               4.731e-14   3.124e-14   -13.325   -13.505    -0.180 
   UO2(OH)2                3.124e-15   3.124e-15   -14.505   -14.505     0.000 
   UO2CO3                   2.121e-16   2.121e-16   -15.674   -15.674     0.000 
   UO2(OH)4-2              2.903e-17   3.931e-18   -16.537   -17.406    -0.868 
   (UO2)3(CO3)6-6          1.218e-18   7.541e-27   -17.914   -26.123    -8.208 
   UO2OH+                  7.486e-20   4.942e-20   -19.126   -19.306    -0.180 
   (UO2)2CO3(OH)3-         4.496e-21   2.968e-21   -20.347   -20.528    -0.180 
   UO2+2                    6.318e-24   9.889e-25   -23.199   -24.005    -0.805 
   (UO2)2(OH)2+2           9.470e-34   1.482e-34   -33.024   -33.829    -0.805 
   (UO2)3(OH)7-            2.915e-34   1.925e-34   -33.535   -33.716    -0.180 
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   (UO2)3(OH)5+            1.281e-38   8.454e-39   -37.893   -38.073    -0.180 
   (UO2)2OH+3              8.713e-40   0.000e+00   -39.060   -40.810    -1.750 
   (UO2)3(OH)5CO2+        0.000e+00   0.000e+00   -42.767   -42.947    -0.180 
   (UO2)3O(OH)2(HCO3)+    0.000e+00   0.000e+00   -42.842   -43.022    -0.180 
   (UO2)3(OH)4+2           0.000e+00   0.000e+00   -43.510   -44.315    -0.805 
   (UO2)4(OH)7+            0.000e+00   0.000e+00   -48.440   -48.620    -0.180 
   (UO2)11(CO3)6(OH)12-2   0.000e+00   0.000e+00  -116.132  -117.000    -0.868 
V(3)             5.016e-31 
   V(OH)2+                  5.016e-31   3.312e-31   -30.300   -30.480    -0.180 
   VOH+2                    1.196e-36   1.872e-37   -35.922   -36.728    -0.805 
   V+3                      0.000e+00   0.000e+00   -42.625   -44.375    -1.750 
   V2(OH)2+4               0.000e+00   0.000e+00   -69.779   -72.736    -2.956 
V(4)             1.200e-22 
   VOOH+                    1.199e-22   7.918e-23   -21.921   -22.101    -0.180 
   VO+2                     2.930e-26   4.587e-27   -25.533   -26.339    -0.805 
   (VO)2(OH)2+2            1.873e-39   2.932e-40   -38.727   -39.533    -0.805 
V(5)             1.100e-03 
   VO3OH-2                 9.994e-04   1.353e-04    -3.000    -3.869    -0.868 
   HVO4-2                   9.948e-05   1.347e-05    -4.002    -4.871    -0.868 
   VO4-3                    6.485e-07   6.261e-09    -6.188    -8.203    -2.015 
   H2VO4-                   2.941e-07   1.941e-07    -6.532    -6.712    -0.180 
   VO2(OH)2-               1.879e-07   1.240e-07    -6.726    -6.907    -0.180 
   VO(OH)3                  1.473e-13   1.473e-13   -12.832   -12.832     0.000 
   VO2+                     5.749e-20   3.796e-20   -19.240   -19.421    -0.180 
Zn               1.500e-03 
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   ZnCO3                    7.699e-04   7.699e-04    -3.114    -3.114     0.000 
   Zn(OH)2                  6.569e-04   6.569e-04    -3.183    -3.183     0.000 
   ZnOH+                    2.877e-05   1.900e-05    -4.541    -4.721    -0.180 
   Zn(OH)3-                 2.490e-05   1.644e-05    -4.604    -4.784    -0.180 
   Zn+2                     9.794e-06   2.145e-06    -5.009    -5.669    -0.659 
   ZnHCO3+                 9.582e-06   6.326e-06    -5.019    -5.199    -0.180 




 Phase                  SI  log IAP    log KT 
 
 Al               -136.49    13.43    149.91  Al 
 Al(g)             -187.19    13.43    200.62  Al 
 Anatase            5.92     -2.64     -8.56  TiO2 
 Aragonite          4.96      6.93      1.97  CaCO3 
 Artinite            2.32     21.95    19.63  Mg2CO3(OH)2:3H2O 
 Azurite            -5.72     3.40                  9.12  Cu3(CO3)2(OH)2 
 B                -109.70    -0.14    109.56  B 
 B(g)             -200.98    -0.14    200.84  B 
 B2O3              -11.21    -5.67     5.55  B2O3 
 Boehmite           3.17     10.72      7.55  AlO2H 
 Borax              -4.33     7.71     12.04  Na2(B4O5(OH)4):8H2O 
 Boric_acid        -2.70     -2.86     -0.16  B(OH)3 
 Brucite            0.13     16.42    16.28  Mg(OH)2 
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 C                 -71.40     -7.26     64.15  C 
 C(g)             -189.02    -7.26    181.77  C 
 Ca               -120.25    19.58    139.83  Ca 
 Ca(g)            -145.49    19.58    165.07  Ca 
 Ca2Al2O5:8H2O     -2.68     56.89    59.57  Ca2Al2O5:8H2O 
 Ca2V2O7           -0.62    -40.34   -39.71  Ca2V2O7 
 Ca3Al2O6         -38.22    74.82    113.03  Ca3Al2O6 
 Ca3V2O8           -4.23    -22.55   -18.32  Ca3V2O8 
 Ca4Al2Fe2O10     -29.14   111.34   140.48  Ca4Al2Fe2O10 
 Ca4Al2O7:13H2O   -14.89    92.36    107.25  Ca4Al2O7:13H2O 
 Ca4Al2O7:19H2O   -11.43    92.25    103.68  Ca4Al2O7:19H2O 
 CaAl2O4           -7.66                 39.25    46.91  CaAl2O4 
 CaAl2O4:10H2O      1.07     39.07    37.99  CaAl2O4:10H2O 
 CaAl4O7           -7.88     60.71    68.59  CaAl4O7 
 Calcite             5.11      6.93      1.82  CaCO3 
 Carnotite         -13.27   -69.65   -56.38  K2(UO2)2(VO4)2 
 CaUO4             -2.32     13.61    15.94  CaUO4 
 CaV2O6            -6.76    -58.12   -51.36  CaV2O6 
 CH4(g)            -91.47    -94.32    -2.84  CH4 
 Chromite           8.20      23.36    15.16  FeCr2O4 
 CO(g)             -34.36   -37.36     -3.00  CO 
 CO2(g)             -3.02    -10.85    -7.83  CO2 
 Colemanite        -3.04     18.48    21.51  Ca2B6O11:5H2O 
 Corundum           3.17     21.46    18.29  Al2O3 
 Cr                -88.53    10.14    98.67  Cr 
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 CrO2               -0.22    -19.36    -19.14  CrO2 
 CrO3              -20.17   -23.73     -3.56  CrO3 
 Cu                -21.33    10.17     31.50  Cu 
 Cu(g)             -73.49    10.17              83.66  Cu 
 CuCr2O4            7.04     23.26     16.22  CuCr2O4 
 Cuprite            -3.71     -5.61               -1.91  Cu2O 
 Dawsonite          5.14      9.48        4.34  NaAlCO3(OH)2 
 Delafossite       13.00     6.57      -6.44  CuFeO2 
 Diaspore           3.58     10.72      7.15  AlHO2 
 Dolomite          10.05    12.52      2.47  CaMg(CO3)2 
 Dolomite-dis       8.51     12.52      4.01  CaMg(CO3)2 
 Dolomite-ord      10.06    12.52      2.46  CaMg(CO3)2 
 Eskolaite         -32.86   -42.08     -9.22  Cr2O3 
 Fe                -48.75    10.27     59.02  Fe 
 Fe(OH)2            -5.44     8.46      13.89  Fe(OH)2 
 Fe(OH)3            3.71      9.34       5.64  Fe(OH)3 
 FeO                -5.05     8.47      13.52  FeO 
 Ferrite-Ca         15.03    36.53     21.50  CaFe2O4 
 Ferrite-Cu        16.83    27.11     10.28  CuFe2O4 
 Ferrite-Dicalcium   -2.49     54.31     56.80  Ca2Fe2O5 
 Ferrite-Mg        14.16    35.18     21.02  MgFe2O4 
 Ferrite-Zn         21.21    32.91     11.70  ZnFe2O4 
 FeV2O4           -301.34   -20.78    280.56  FeV2O4 
 Gaylussite         4.06     15.22     11.16  CaNa2(CO3)2:5H2O 
 Gibbsite            2.96     10.71      7.74  Al(OH)3 
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 Goethite           8.83      9.36       0.53  FeOOH 
 H2(g)             -27.85   -30.95     -3.10  H2 
 H2O(g)             -1.60    -0.02      1.59  H2O 
 Hematite          18.67    18.74      0.08  Fe2O3 
 Hercynite          1.14     29.94     28.80  FeAl2O4 
 Huntite            13.48    23.70     10.22  CaMg3(CO3)4 
 Hydroboracite     -3.25     17.11     20.36  MgCaB6O11:6H2O 
 Hydromagnesite     7.95     38.69           30.74  Mg5(CO3)4(OH)2:4H2O 
 Hydrozincite      18.76    49.07     30.31  Zn5(OH)6(CO3)2 
 Ice                -0.16     -0.02      0.14  H2O 
 Ilmenite            .93      5.83       0.90  FeTiO3 
 K                 -62.78     8.20      70.98  K 
 K(g)              -73.38     8.20      81.58  K 
 K2CO3:1.5H2O      -9.66     3.72      13.38  K2CO3:1.5H2O 
 K2O               -69.44    14.60     84.04  K2O 
 K2UO4            -23.45    10.42     33.87  K2UO4 
 K8H4(CO3)6:3H2O  -34.51    -6.80      27.71  K8H4(CO3)6:3H2O 
 Kalicinite         -3.84     -3.56      0.28  KHCO3 
 Karelianite       -39.20    -29.25      9.95  V2O3 
 Katoite            -4.24        74.71     78.94  Ca3Al2H12O12 
 KNaCO3:6H2O       -4.30        5.95     10.26  KNaCO3:6H2O 
 Lansfordite         0.66       5.50      4.84  MgCO3:5H2O 
 Lime              -14.79    17.78     32.57  CaO 
 Lopezite          -15.41   -32.87    -17.46  K2Cr2O7 
 Magnesiochromite    9.63     31.32     21.69  MgCr2O4 
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 Magnesite          3.31      5.59       2.27  MgCO3 
 Magnetite         16.80    27.22     10.42  Fe3O4 
 Malachite         -0.02     5.88       5.90  Cu2CO3(OH)2 
 Mayenite         -130.49   363.66    494.15  Ca12Al14O33 
 Mg               -104.29    18.23     122.52  Mg 
 Mg(g)            -124.01    18.23     142.25  Mg 
 Mg2V2O7          -12.13   -43.03    -30.90  Mg2V2O7 
 MgUO4            -10.73    12.26     22.99  MgUO4 
 MgV2O6           -13.62   -59.47    -45.85  MgV2O6 
 Monohydrocalcite    4.24      6.92       2.68  CaCO3:H2O 
 Na                -56.86    10.51     67.37  Na 
 Na(g)             -70.35    10.51     80.86  Na 
 Na2CO3            -2.78     8.38      11.16  Na2CO3 
 Na2CO3:7H2O       -1.69     8.25       9.94  Na2CO3:7H2O 
 Na2Cr2O7         -18.06   -28.24    -10.18  Na2Cr2O7 
 Na2CrO4           -7.40     -4.50      2.90  Na2CrO4 
 Na2O              -48.19    19.23     67.42  Na2O 
 Na2U2O7          -11.71    10.88     22.59  Na2U2O7 
 Na2UO4(alpha)    -14.96    15.06     30.02  Na2UO4 
 Na3UO4           -44.01    12.23     56.24  Na3UO4 
 Na4UO2(CO3)3      -2.30     1.74       4.04  Na4UO2(CO3)3 
 NaFeO2            -0.90     18.99     19.88  NaFeO2 
 Nahcolite          -1.10     -1.24     -0.14  NaHCO3 
 Natron             -1.39     8.20      9.59  Na2CO3:10H2O 
 NaUO3             -15.32    -6.99      8.33  NaUO3 
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 Nesquehonite       0.24      5.53      5.29  MgCO3:3H2O 
 O2(g)              -0.70     -3.59     -2.89  O2 
 Periclase          -4.89     16.44     21.33  MgO 
 Pirssonite         3.96     15.28     11.32  Na2Ca(CO3)2:2H2O 
 Portlandite        -4.78     17.77     22.55  Ca(OH)2 
 Rutherfordine    -10.90   -15.02     -4.12  UO2CO3 
 Rutile              7.00     -2.64      -9.65  TiO2 
 Schoepite         -9.04     -4.21      4.83  UO3:2H2O 
 Schoepite-dehy(.393)  -10.90    -4.18      6.72  UO3:.393H2O 
 Schoepite-dehy(.648)  -10.39    -4.18      6.21  UO3:.648H2O 
 Schoepite-dehy(.85)   -9.29     -4.19      5.10  UO3:.85H2O 
 Schoepite-dehy(.9)   -9.21     -4.19      5.02  UO3:.9H2O 
 Schoepite-dehy(1.0)   -9.30     -4.19      5.10  UO3:H2O 
 Shcherbinaite    -17.56   -19.01     -1.45  V2O5 
 Siderite           -2.16     -2.37     -0.22  FeCO3 
 Smithsonite        2.87      3.32       0.44  ZnCO3 
 Spinel              0.30     37.90     37.61  Al2MgO4 
 Tarapacaite       -8.72     -9.14      -0.41  K2CrO4 
 Tenorite            0.72      8.37       7.65  CuO 
 Thermonatrite     -2.57     8.36     10.94  Na2CO3:H2O 
 Ti               -148.35     0.95    149.30  Ti 
 Ti(g)            -223.40     0.95    224.35  Ti 
 Ti2O3             -46.47    -3.49     42.99  Ti2O3 
 Ti3O5             -40.78    -6.13     34.66  Ti3O5 
 TiB2             -311.75     0.67    312.42  TiB2 
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 TiC              -188.12    -6.31    181.81  TiC 
 TiO(alpha)       -61.97    -0.85     61.13  TiO 
 TiO(g)           -146.42    -0.85    145.57  TiO 
 Trona-K           -9.12     2.47     11.59  K2NaH(CO3)2:2H2O 
 Tyuyamunite      -13.09   -66.47   -53.38  Ca(UO2)2(VO4)2 
 U                -211.55     1.22    212.77  U 
 U(CO3)2          -52.17   -44.65     7.52  U(CO3)2 
 U(g)             -297.11     1.22    298.32  U 
 U2C3             -564.04  -108.82   455.21  U2C3 
 UC               -245.58   -50.78   194.79  UC 
 UC1.94(alpha)   -314.72   -57.60   257.12  UC1.94 
 UH3(beta)        -240.63   -40.86   199.77  UH3 
 UO(g)            -212.23    -0.58    211.65  UO 
 UO2(am)           -23.06  -22.95     0.11  UO2 
 UO2(g)           -127.97     -2.38    125.60  UO2 
 UO2(OH)2(beta)    -9.14     -4.19     4.95  UO2(OH)2 
 UO2.25            -14.94    -19.78   -4.84  UO2.25 
 UO2.25(beta)     -15.02   -19.78    -4.76  UO2.25 
 UO2.3333(beta)   -19.39   -47.11   -27.71  (UO2.3333)2 
 UO2.6667          -4.70    -48.30   -43.60  (UO2.6667)2 
 UO2CO3           -10.89   -15.02    -4.13  UO2CO3 
 UO3(alpha)       -12.81    -4.17     8.64  UO3 
 UO3(beta)        -12.48    -4.17     8.31  UO3 
 UO3(g)            -75.12    -4.17     70.95  UO3 
 UO3(gamma)       -11.88    -4.17     7.71  UO3 
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 UO3:.9H2O(alpha)   -9.21     -4.19      5.02  UO3:.9H2O 
 UO3:2H2O          -9.04     -4.21      4.84  UO3:2H2O 
 Uraninite         -18.12   -22.95     -4.83  UO2 
 V                -118.88   -11.93    106.94  V 
 V2O4              -21.57    -13.01      8.56  V2O4 
 V3O5              -49.19   -35.76     13.43  V3O5 
 V4O7              -61.06   -42.26     18.80  V4O7 
 Wustite            -4.28     8.12      12.40  Fe.947O 
 Zincite             2.96     14.16     11.20  ZnO 
 Zn                -52.83    15.96      68.79  Zn 
 Zn(BO2)2           0.18      8.50       8.31  Zn(BO2)2 
 Zn(g)             -69.45    15.96     85.41  Zn 
 Zn(OH)2(beta)      2.21     14.15     11.93  Zn(OH)2 
 Zn(OH)2(epsilon)    2.49     14.15     11.66  Zn(OH)2 
 Zn(OH)2(gamma)     2.26     14.15     11.88  Zn(OH)2 
 Zn2TiO4           13.36    25.69     12.33  Zn2TiO4 
 ZnCO3:H2O          3.16      3.30       0.14  ZnCO3:H2O 














APPENDIX G   INNOV-X X-RAY FLUORESCENCE  
SPECTROMETER SPECIFICATIONS AND CALIBRATION  
 
 The use of X-Ray Fluorescence to characterize geologic materials has been reported by 
Beckhoff et al (2006).  The Innov-X Alpha 4000 X-Ray Fluorescence Spectrometer (XRF gun) 
utilizes a tungsten anode X-Ray tube operating at 10-40 kV, 10-50 µA.  The internal detector is a 
Si PiN diode detector.  The unit is calibrated using a stainless steel disc. The unit reports ppm 
values for the following elements: Pb, Cr, Hg, Cd, Sb, Ti, Mn, Fe, Ni, Cu, Zn, Sn, Ag, As, Se, 
Ba, Co, Zr, Rb and U.  The unit is shown in Figure G-1. 
 
 
Figure G-1 - Innov-X Alpha 4000 X-Ray Fluorescence Spectrometer  
 
A NIST standard (SRM 2710) was analyzed with the Innov-X Alpha 4000 X-Ray Fluorescence 
Spectrometer.  The SRM 2710 standard is described in Mackey, E.A. et al. (2010).  The results 







Table G-1 XRF Results and NIST SRM 2710 Published Values 
 
Element XRF Value NIST SRM 2710 Published 
Values 
As 641 626 
Cu 2990 2950 
Fe 37086 33800 
Hg 76 32.6 
Mn 9924 10100 
Pb 5406 5532 
Rb 128 120 
Sr 335 330 
Ti 3036 2830 
Zn 6668 6952 
 
 An experiment to quantify the variability of the elemental concentrations within the 
Todilto Limestone was performed as follows: 500 grams of the comminuted rock (from the 7kg. 
lot) was spread out into a uniform layer, 2 cm thick, on a Pyrex dish.  Samples (1 g) selected 
from five grid-locations within a 10 cm x 10 cm square of the layer were also analyzed by use of 
the X-Ray Fluorescence Spectrometer .  The results of the analysis are listed in Table A4-2-2 .  
The instrument reported only the concentrations of four elements (As, Fe, U, V) that were above 
the lower limit of detection (approximately 10-50 ppm lower limit of detection). 
 
Table G-2 – X-Ray Fluorescence Analysis of < 2000 μm Todilto Limestone (different spots) 
Grid-Location As Fe U V 
1 33 3160 1725 1832 
2 35 2988 1831 1173 
3 41 3167 2126 1308 
4 36 3015 1905 1396 
5 31 3053 1940 1659 
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Table G-2  (Continued) 
Grid-Location As Fe U V 
Mean 35.2 3076.6 1905.4 1473.6 
Standard Deviation 3.8 82.7 148.3 267.7 
Standard Error of 
Mean 
1.9 9.1 12.2 16.4 
 
The (statistical) precision of the analysis instrument (XRF gun) was determined by the following 
method: A 10 gram split was collected from the < 2000 μm lot and loaded into the XRF sample 
cup.  The cup was covered with mylar XRF film.  The single sample was analyzed five times.  
The results, as displayed by the XRF gun are listed in Table  G-3 . 
 
Table G-3 – X-Ray Fluorescence Analysis of < 2000 μm Todilto Limestone (same spot) 
 
Run As Fe U V 
1 41 4079 2254 1296 
2 42 3953 2215 1377 
3 45 3897 2196 1296 
4 40 3952 2224 1538 
5 40 3999 2164 1521 
     
Mean 42.0 3970.3 2222.3 1376.8 
Standard 
Deviation 
2.2 77.1 24.2 114.1 
Standard Error of 
Mean  
1.5 8.8 4.9 10.7 
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APPENDIX H   DISSOLVED OXYGEN, PH, ORP, AND TEMPERATURE DATA 
Table H-1 Dissolved Oxygen, pH, ORP, and Temperature Data 
      
UO2 N2 
Leach 1      





O2 pH ORP (mV) 
Leach Temp 
C 
      
11/15/11 0 0.1 10.0 81 19.7 
11/15/11 0.08 0.2 9.8 110 18.4 
11/15/11 0.16 0.1 10.0 127 18.9 
11/15/11 0.25 0.1 10.0 113 19.1 
11/15/11 0.5 0.1 10.0 146 19.1 
11/15/11 0.75 0.2 10.1 133 19.1 
11/15/11 1 0.1 10.0 125 19.1 
11/15/11 2 0.1 10.0 115 19.1 
11/15/11 4 0.2 10.0 118 19.1 
11/15/11 6 0.3 10.1 155 19.1 
11/15/11 10 0.1 10.0 99 19.4 
11/16/11 24 0.1 9.9 121 19.3 





Table H-1 (Continued) 
UO2 N2 
Leach 2      





O2 pH ORP (mV) 
Leach Temp 
C 
      
11/29/11 0 0.1 10.0 20 19.1 
11/30/11 0.16 0.1 9.9 38 19.1 
12/01/11 0.5 0.1 9.9 64 19.1 
12/02/11 0.75 0.1 9.9 50 19.0 
12/03/11 1 0.2 10.0 60 19.1 
12/04/11 2 0.5 9.9 65 18.9 
12/05/11 4 0 10.0 56 19.2 
12/06/11 6 0.1 10.1 36 19.0 
12/07/11 10 0 10.0 43 19.3 
12/08/11 24 0.1 10.0 58 19.2 
12/09/11 48 0.1 10.2 47 19.2 
      
UO2 Air 





Table H-1 (Continued) 






O2 pH ORP (mV) 
Leach Temp 
C 
      
11/25/11 0 7.2 10.0 139 19.1 
11/25/11 0.08 7.7 9.9 140 18.8 
11/25/11 0.16 7.8 10.0 103 18.4 
11/25/11 0.3 7.8 10.7 113 18.6 
11/25/11 0.5 7.5 10.0 115 19.0 
11/25/11 0.75 7.6 10.0 113 19.2 
11/25/11 1 7.6 10.0 113 19.1 
11/25/11 2 7.7 9.9 122 19.3 
11/25/11 4 7.6 9.8 106 19.1 
11/25/11 6 7.5 9.9 66 19.1 
11/25/11 10 7.6 10.0 68 18.6 
11/26/11 24 7.7 10.0 95 19.1 
11/27/11 48 7.6 10.1 76 19.1 
      
      
      
UO2 Air 
Leach 2      
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Table H-1 (Continued) 





O2 pH ORP (mV) 
Leach Temp 
C 
      
12/14/11 0 7.14 9.8 39 19.4 
12/15/11 0.16 7.23 9.8 48 19.5 
12/16/11 0.5 7.47 9.8 83 19.0 
12/17/11 0.75 8.4 9.8 71 18.9 
12/18/11 1 7.71 9.8 63 19.5 
12/19/11 2 7.57 9.8 88 19.6 
12/20/11 6 7.39 9.8 31 19.1 
12/21/11 10 7.35 9.8 33 19.0 
12/22/11 24 7.43 9.9 54 19.4 
12/23/11 48 7.68 9.9 18 19.4 
      
UO2 O2 
Leach 1      





O2 pH ORP (mV) 
Leach Temp 
C 
      
12/19/11 0 14.1 10.1 27 20.3 
12/20/11 0.16 >19 10.1 32 19.4 
12/21/11 0.5 >19 10.1 56 18.6 
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Table H-1 (Continued) 
12/22/11 0.75 >19 10.1 44 18.8 
12/23/11 1 >19 10.1 39 18.4 
12/24/11 2 >19 10.2 55 19.9 
12/25/11 4 >19 10.0 38 19.7 
12/26/11 6 >19 10.0 34 19.5 
12/27/11 10 >19 10.0 34 19.2 
12/28/11 24 >19 10.0 32 19.6 
12/29/11 48 >19 10.2 50 19.5 
      
UO2 O2 
Leach 2      





O2 pH ORP (mV) 
Leach Temp 
C 
      
11/26/11 0 16 10.0 11 19.8 
11/26/11 0.16 >19 10.2 45 18.1 
11/26/11 0.5 >19 10.0 76 19.5 
11/26/11 0.75 >19 10.1 60 18.4 
11/26/11 1 >19 10.0 49 18.6 
11/26/11 2 >19 10.0 34 18.1 
11/26/11 4 >19 10.0 63 19.5 
11/26/11 6 >19 10.0 50 19.4 
11/26/11 10 >19 10.0 65 19.3 
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Table H-1 (Continued) 
11/27/11 24 >19 10.2 45 19.8 
11/28/11 48 >19 10.1 37 19.7 
      
UO2 O3 
Leach 1      





O2 pH ORP (mV) 
Leach Temp 
C 
      
01/03/12 0 >19 10.1 35 19.1 
01/03/12 0.16 >19 10.0 52 19.0 
01/03/12 0.5 >19 10004.0 58 19.1 
01/03/12 0.75 >19 10.0 35 19.2 
01/03/12 1 >19 10.1 110 18.6 
01/03/12 2 >19 10.1 67 18.9 
01/03/12 4 >19 10.0 48 20.4 
01/03/12 6 >19 10.1 105 20.2 
01/03/12 10 >19 10.2 141 20.0 
01/04/12 24 >19 10.3 92 20.3 
01/05/12 48 >19 10.3 112 21.1 
   avg 78  













O2 pH ORP (mV) 
Leach Temp 
C 
1/9/12 0 >19 10.38 165 19.5 
1/9/12 0.16 >19 10.54 157 18.0 
1/9/12 0.5 >19 10.46 169 18.6 
1/9/12 0.75 >19 10.55 129 19.5 
1/9/12 1 >19 10.44 168  
1/9/12 2 >19 10.5 136  
1/9/12 4 >19 10.38 174  
1/9/12 6 >19 10.45 165  
1/9/12 10 >19 10.46 164  
1/10/12 24 >19 10.44 106  
1/11/12 48 >19 10.44 148  








Table H-1 (Continued) 
 
UO2 O3 
Leach 3      





O2 pH ORP (mV) 
Leach Temp 
C 
      
01/23/12 0 >19 10.4 147 19.5 
01/23/12 0.16 >19 10.3 117 18.9 
01/23/12 0.5 >19 10.4 237 19.5 
01/23/12 0.75 >19 10.4 317 19.9 
01/23/12 1 >19 10.6 329 18.4 
01/23/12 2 >19 10.5 233 19.6 
01/23/12 4 >19 10.3 164 21.0 
01/23/12 6 >19 10.4 265 20.4 
01/23/12 10 >19 10.4 342 21.2 
01/24/12 24 >19 10.5 162 20.9 
01/25/12 48 >19 10.4 147 22.2 
      
O3 Leach 4      





O2 pH ORP (mV) 
Leach Temp 
C 
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Table H-1 (Continued) 
01/30/12 0 > 19 10.0 144 19.1 
01/30/12 0.16 > 19 9.9 114 18.9 
01/30/12 0.5 > 19 10.1 118 18.4 
01/30/12 0.75 > 19 10.1 122 17.9 
01/30/12 1 > 19 10.0 114 18.1 
01/30/12 2 > 19 10.1 81 19.5 
01/30/12 4 > 19 10.0 163 21.4 
01/30/12 6 > 19 10.0 105 21.0 
01/30/12 10 > 19 10.1 152 20.5 
01/31/12 24 > 19 10.0 109 20.2 
02/01/12 48 > 19 10.1 138 20.9 
      
Todilto Limestone Air 
Leach 1     





O2 pH ORP (mV) 
Leach Temp 
C 
      
03/06/12 0 6.03 9.9 132 22.7 
03/06/12 0.16 6.73 9.8 126 21.2 
03/06/12 9 7.04 10.0 156 18.0 
03/07/12 24 7.28 10.0 94 18.6 
03/08/12 48 7.18 9.9 103 18.7 
03/09/12 72 6.93 10.0 143 17.3 
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Table H-1 (Continued) 
Todilto Limestone Air 
Leach 2     





O2 pH ORP (mV) 
Leach Temp 
C 
      
03/19/12 0 7.08 9.8 60 22.1 
03/19/12 0.16 7.07 9.8 92 19.8 
03/19/12 9 7.51 9.7 133 18.6 
03/20/12 24 7.15 9.9 103 17.1 
03/21/12 48 7.14 10.0 95 17.5 
03/22/12 72 7.06 10.0 102 18.4 
      
Todilto Limestone O3 Leach 
1     





O2 pH ORP (mV) 
Leach Temp 
C 
      
12/21/11 0 >19 9.9 207 21.8 
12/21/11 0.16 >19 9.9 246 21.4 
12/21/11 9 >19 10.0 291 19.3 
12/22/11 24 >19 10.0 336 18.3 
12/23/11 48 >19 10.0 242 19.2 
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Table H-1 (Continued) 
12/24/11 72 >19 10.0 253 21.2 
      
Todilto Limestone O3 Leach 
2     





O2 pH ORP (mV) 
Leach Temp 
C 
      
03/23/12 0 >19 9.9 254 22.6 
03/23/12 0.16 >19 9.8 578 21.4 
03/23/12 9 >19 9.9 810 21.3 
03/24/12 24 >19 9.9 810 20.2 
03/25/12 48 >19 9.9 803 20.0 
03/26/12 72 >19 9.9 762 20.3 
      
Todilto Limestone O3 Leach 
3     





O2 pH ORP (mV) 
Leach Temp 
C 
      
04/13/12 0 >19 9.9 452 19.3 
04/13/12 0.16 >19 9.8 751 18.2 
04/13/12 9 >19 9.9 802 17.5 
216 
Table H-1 (Continued) 
04/14/12 24 >19 9.9 786 17.8 
04/15/12 48 >19 9.9 185 17.9 
04/16/12 72 >19 9.9 717 18.0 
      
      
Todilto Limestone O3 Leach 
4     





O2 pH ORP (mV) 
Leach Temp 
C 
      
04/17/12 0 >19 9.8 724 18.8 
04/18/12 0.16 >19 9.8 769 18.4 
04/19/12 9 >19 9.8 810 18.3 
04/20/12 24 >19 9.8 790 18.8 
04/21/12 48 >19 9.9 791 18.5 
04/22/12 72 >19 9.9 774 18.2 
      
Todilto Limestone O3 Leach 
5     





O2 pH ORP (mV) 
Leach Temp 
C 
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Table H-1 (Continued) 
05/01/12 0 >19 9.7 770 22.2 
05/02/12 0.16 >19 9.8 669 21.8 
05/03/12 9 >19 9.8 778 20.1 
05/04/12 24 >19 9.8 801 20.3 
05/05/12 48 >19 9.8 802 20.5 
05/06/12 72 >19 9.8 790 20.0 
      
Todilto Limestone O3 Leach 
6     





O2 pH ORP (mV) 
Leach Temp 
C 
      
05/09/12 0 >19 9.7 760 22.9 
05/09/12 0.16 >19 9.7 747 21.6 
05/09/12 9 >19 9.8 824 20.5 
05/10/12 24 >19 9.8 795 20.4 
05/11/12 48 >19 9.8 816 19.9 
05/12/12 72 >19 9.8 799 19.8 
      
Todilto Limestone O3 Leach 









O2 pH ORP (mV) 
Leach Temp 
C 
      
05/18/12 0 >19 9.7 798 22.3 
05/18/12 0.16 >19 9.8 796 21.6 
05/18/12 9 >19 9.8 823 20.7 
05/18/12 24 >19 10.0 768 19.4 
05/19/12 48 >19 9.9 786 20.9 
05/20/12 72 >19 10.0 770 20.8 
      
      
Todilto Limestone O3 Leach 
8     





O2 pH ORP (mV) 
Leach Temp 
C 
      
06/06/12 0 >19 9.9 771 21.5 
06/06/12 0.16 >19 9.8 805 21.6 
06/06/12 9 >19 9.8 811 21.2 
06/07/12 24 >19 9.8 804 20.9 
06/08/12 48 >19 9.9 786 21.3 
06/09/12 72 >19 9.9 803 21.5 
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Table H-1 (Continued) 
Todilto Limestone O3 Leach 
9     





O2 pH ORP (mV) 
Leach Temp 
C 
      
06/06/12 0 >19 9.7 700 22.9 
06/06/12 0.16 >19 9.9 772 21.9 
06/06/12 9 >19 9.9 741 22.0 
06/07/12 24 >19 9.9 768 22.1 
06/08/12 48 >19 9.9 780 20.7 
06/09/12 72 >19 10.0 786 21.5 
      
Todilto Limestone O3 Leach 





O2 pH ORP (mV) 
Leach Temp 
C 
      
06/19/12 0 >19 9.7 706 21.8 
 0.16 >19 9.8 778 22.1 
 9 >19 9.8 788 22.0 
 24 >19 9.9 768 21.1 
 48 >19 9.9 786 21.1 




APPENDIX I   ENVIRONMENTAL CONDITIONS DATA 
Table I-1 Environmental Conditions Data 
UO2 N2 Leach 1    
     
Date Time Elapsed Hours Ambient Temp C B Pressure mm Hg 
     
11/15/11 10:37 0 20.5 607.8 
11/15/11 10:42 0.08 20.5 607.2 
11/15/11 10:49 0.16 20.5 607.2 
11/15/11 10:54 0.25 20.5 607.2 
11/15/11 11:09 0.5 20.5 607.2 
11/15/11 11:24 0.75 20.5 607.2 
11/15/11 11:39 1 20.5 607.2 
11/15/11 12:39 2 20.5 607.2 
11/15/11 2:39 4 20.5 606.6 
11/15/11 4:39 6 20.5 607.2 
11/15/11 8:39 10 20.5 609.6 
11/16/11 10:48 24 20.5 609.6 
11/17/11 10:42 48 20.0 607.8 
     




Table I-1 (Continued) 
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
11/29/11 11:25 0 20.5 612.5 
11/30/11 11:35 0.16 20.5 612.5 
12/01/11 11:55 0.5 21.1 612.5 
12/02/11 12:10 0.75 21.1 612.5 
12/03/11 12:25 1 21.1 612.5 
12/04/11 1:25 2 21.1 612.1 
12/05/11 3:25 4 20.5 612.1 
12/06/11 5:25 6 20.5 612.1 
12/07/11 9:25 10 20.5 609.6 
12/08/11 11:25 24 20.5 603.0 
12/09/11 11:46 48 21.1 616.8 
     
UO2 Air Leach 1    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
11/25/11 11:18 0 20.5 606.0 
11/25/11 11:23 0.08 20.5 605.4 
11/25/11 11:28 0.16 20.5 605.4 
11/25/11 11:33 0.3 20.5 605.4 
11/25/11 11:48 0.5 20.5 605.4 
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Table I-1 (Continued) 
11/25/11 12:03 0.75 20.5 605.4 
11/25/11 12:18 1 20.5 605.4 
11/25/11 1:18 2 20.5 605.4 
11/25/11 3:18 4 20.5 604.8 
11/25/11 5:18 6 20.5 605.4 
11/25/11 9:35 10 20.5 609.6 
11/26/11 11:37 24 20.5 617.4 
11/27/11 10:48 48 20.5 611.5 
     
UO2 Air Leach 2    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
12/14/11 11:20 0 20.9 612.6 
12/15/11 11:30 0.16 20.9 612.6 
12/16/11 11:50 0.5 20.9 612.6 
12/17/11 12:05 0.75 20.9 612.4 
12/18/11 12:30 1 20.6 612.4 
12/19/11 1:20 2 20.6 612.6 
12/20/11 5:20 6 20.5 615.2 
12/21/11 9:20 10 20.8 618.0 
12/22/11 11:20 24 20.9 620.0 
12/23/11 11:30 48 20.9 622.6 
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Table I-1 (Continued) 
     
UO2 O2 Leach 1    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
12/19/11 11:35 0 20.6 619.3 
12/20/11 11:45 0.16 21.0 619.5 
12/21/11 12:05 0.5 21.0 619.5 
12/22/11 12:20 0.75 21.0 619.5 
12/23/11 12:35 1 21.0 619.5 
12/24/11 1:35 2 21.1 619.3 
12/25/11 3:35 4 21.3 619.8 
12/26/11 5:35 6 21.0 620.3 
12/27/11 9:35 10 21.0 620.0 
12/28/11 11:35 24 21.0 614.2 
12/29/11 11:35 48 20.6 610.4 
     
UO2 O2 Leach 2    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
11/26/11 11:30 0 20.4 616.0 
11/26/11 11:40 0.16 20.4 616.2 
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Table I-1 (Continued) 
11/26/11 12:00 0.5 20.4 615.7 
11/26/11 12:15 0.75 20.4 615.7 
11/26/11 12:30 1 20.5 615.7 
11/26/11 1:30 2 20.6 616.0 
11/26/11 3:30 4 20.5 617.7 
11/26/11 5:30 6 20.9 619.0 
11/26/11 9:30 10 20.8 620.3 
11/27/11 11:30 24 20.9 616.7 
11/28/11 11:35 48 20.5 616.2 
     
     
UO2 O3 Leach 1    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
01/03/12 11:32 0 20.9 620.8 
01/03/12 11:42 0.16 21.0 620.3 
01/03/12 12:02 0.5 21.0 620.3 
01/03/12 12:17 0.75 21.0 620.0 
01/03/12 12:22 1 21.0 619.8 
01/03/12 1:34 2 21.1 619.8 
01/03/12 3:32 4 21.0 621.0 
01/03/12 5:32 6 20.9 621.5 
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Table I-1 (Continued) 
01/03/12 9:32 10 21.0 623.8 
01/04/12 11:32 24 21.1 624.3 
01/05/12 11:53 48 21.4 618.2 
     
     
UO2 O3 Leach 2    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
01/23/12 10:47 0 20.5 613.9 
01/23/12 10:57 0.16 20.8 613.7 
01/23/12 11:17 0.5 21.0 613.4 
01/23/12 11:32 0.75 21.3 613.2 
01/23/12 11:47 1 21.4 613.2 
01/23/12 12:47 2 21.5 612.4 
01/23/12 2:47 4 21.9 611.6 
01/23/12 4:47 6 21.5 612.4 
01/23/12 8:47 10 21.6 612.4 
01/24/12 11:01 24 21.9 618.7 
01/25/12 11:15 48 22.0 617.0 
     
UO2 O3 Leach 4    
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Table I-1 (Continued) 
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
01/30/12 11:05 0 20.5 614.2 
01/30/12 11:15 0.16 20.6 614.2 
01/30/12 11:35 0.5 21.0 613.7 
01/30/12 11:50 0.75 21.0 613.7 
01/30/12 12:05 1 21.3 614.2 
01/30/12 1:05 2 21.9 612.6 
01/30/12 3:05 4 22.1 612.1 
01/30/12 5:08 6 22.1 612.4 
01/30/12 9:14 10 22.3 614.2 
01/31/12 11:30 24 22.0 616.7 
02/01/12 11:25 48 22.4 619.8 
     
Todilto Limestone Air 
Leach 1    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
03/06/12 12:00 0 21.5 606.6 
03/06/12 12:10 0.16 21.5 606.6 
03/06/12 9:12 9 21.4 606.6 
03/07/12 12:10 24 21.2 614.7 
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Table I-1 (Continued) 
03/08/12 11:56 48 21.8 624.8 
03/09/12 12:00 72 21.3 625.1 
     
Todilto Limestone Air 
Leach 2    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
03/19/12 12:45 0 21.0 606.0 
03/19/12 1:09 0.16 20.9 606.0 
03/19/12 9:56 9 20.9 609.1 
03/20/12 12:50 24 21.0 615.7 
03/21/12 12:24 48 21.0 617.0 
03/22/12 1:08 72 21.4 615.4 
     
Todilto Limestone O3 
Leach 1    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
12/21/11 11:45 0 21.1 612.6 
12/21/11 11:55 0.16 21.4 612.4 
12/21/11 8:20 9 23.1 610.9 
12/22/11 12:01 24 22.5 608.1 
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Table I-1 (Continued) 
12/23/11 11:49 48 23.3 613.4 
12/24/11 11:45 72 23.0 619.8 
     
Todilto Limestone O3 
Leach 2    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
03/23/12 11:22 0 22.0 616.5 
03/23/12 11:32 0.16 22.1 616.5 
03/23/12 9:50 9 24.0 616.7 
03/24/12 11:30 24 23.8 619.0 
03/25/12 11:30 48 23.0 616.7 
03/26/12 12:03 72 23.9 608.3 
     
Todilto Limestone O3 
Leach 3    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
04/13/12 11:30 0 20.4 612.4 
04/13/12 11:40 0.16 20.4 612.4 
04/13/12 10:12 9 21.3 611.4 
04/14/12 11:49 24 21.1 607.6 
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Table I-1 (Continued) 
04/15/12 11:25 48 21.0 611.6 
04/16/12 11:42 72 21.4 619.0 
     
     
Todilto Limestone O3 
Leach 4    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
04/17/12 11:45 0 21.3 619.0 
04/18/12 11:55 0.16 21.3 619.0 
04/19/12 10:12 9 21.0 617.5 
04/20/12 10:18 24 21.5 616.0 
04/21/12 12:02 48 21.0 615.4 
04/22/12 11:52 72 21.4 619.3 
     
Todilto Limestone O3 
Leach 5    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
05/01/12 11:48 0 21.8 610.6 
05/02/12 11:58 0.16 22.0 610.6 
05/03/12 9:07 9 21.8 612.6 
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Table I-1 (Continued) 
05/04/12 12:00 24 21.8 611.9 
05/05/12 11:58 48 22.0 615.2 
05/06/12 12:29 72 21.4 614.4 
     
Todilto Limestone O3 
Leach 6    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
05/09/12 11:35 0 22.5 618.5 
05/09/12 11:45 0.16 22.5 618.2 
05/09/12 10:54 9 21.5 616.2 
05/10/12 12:07 24 21.4 613.4 
05/11/12 12:01 48 21.9 622.8 
05/12/12 11:39 72 20.9 623.6 
     
Todilto Limestone O3 
Leach 7    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
05/18/12 11:28 0 22.0 610.1 
05/18/12 11:38 0.16 22.1 609.9 
05/18/12 9:47 9 22.0 610.6 
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Table I-1 (Continued) 
05/18/12 11:33 24 21.3 619.5 
05/19/12 12:04 48 22.5 620.8 
05/20/12 11:11 72 21.9 620.3 
     
     
Todilto Limestone O3 
Leach 8    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
06/06/12 11:30 0 22.3 616.2 
06/06/12 11:40 0.16 22.4 616.5 
06/06/12 11:25 9 21.9 619.8 
06/07/12 12:10 24 21.6 620.0 
06/08/12 11:16 48 22.0 621.8 
06/09/12 12:05 72 23.4 617.0 
     
Todilto Limestone O3 
Leach 9    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
06/06/12 11:30 0 22.4 616.0 
06/06/12 11:40 0.16 22.3 616.0 
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Table I-1 (Continued) 
06/06/12 11:45 9 21.6 614.9 
06/07/12 12:10 24 22.1 617.7 
06/08/12 12:16 48 21.3 614.2 
06/09/12 11:45 72 22.4 608.6 
     
Todilto Limestone O3 
Leach 10    
     
Date Time Elapsed Hours Ambient Temp B Pressure mm Hg 
     
06/19/12 12:15 0 22.6 611.6 
 12:25 0.16 22.6 611.6 
 9:30 9 24.4 611.4 
 1:00 24 23.5 619.0 
 12:57 48 22.5 619.8 










APPENDIX K   CROSS-CORRELATION OF ANALYSIS METHODS 
 
Results obtained by the Br-PADAP method (Synthetic UO2 Leach Solutions) were compared to 
the results from analysis with the Innov-X X-Ray Fluorescence Spectrometer and are presented 
in Figure J-1 
 
Figure J-1 – XRF Results as a function of Br PADAP Anaylsis Results  
    (Synthetic UO2 Solutions). 
 
 
Results were compared to fluorometric analysis at Hazen Laboratories as listed in Table J-1 
Table J-1 – Br-PADAP Results Compared to Fluorometric Analysis    
(Synthetic UO2 Solutions). 
 
 Br-PADAP 
Fluorometric Analysis  
(Hazen Labs)  U3O8 ppm 
O3 L4 6hr 445.5 444 
O3 L4 48hr 1003.7 1000 
 
y = 0.5356x + 10.021 
















Br PADAP ppm 
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Results obtained by the Br-PADAP method (Todilto Limestone Solutions) were compared to the 
results from analysis with the Innov-X X-Ray Fluorescence Spectrometer and are presented in 
Figure J-2 
 
Figure J-2 – Comparison of Br-PADAP and XRF Results for Todilto Limestone Leach Solutions 
Results of Br-PADAP analysis were compared to fluorometric analysis at Hazen Laboratories. 
The results are presented in Figure J-3 and Table J-2. 
 
















Zia Leach 1-6 XRF as a function of Br-Padap ppm 
y = 0.993x - 47.29 

























Table J-2 Correlation of Br-PADAP Results and Fluorometric Analysis Results 
 
 
 Br-PADAP (ppm) Hazen U3O8 (ppm) 
Todilto Limestone 
Ozone Leach 5  
(t= 0.16 h) 
145.6 64.8 
Todilto Limestone 
Ozone Leach 5  
(t= 9 h) 
258.6 259 
Todilto Limestone 
Ozone Leach 5  




 In addition, the Todilto Limestone Ozone Injected Experiment 9 (t=72 hours) solution 
was analyzed by Br-PADAP and compared to analysis by ICP-MS (SW6020 method-ALS 
Chemex Laboratories).  The results from BR-PADAP were 466 ppm; and the results from ICP-
MS were 325 ppm. 
The Todilto Limestone Ozone Injected Leach Experiment 9 (t=72 hours) leachate was analyzed 







Table J-3 Correlation of solid phase limestone analysis and “Todilto Limestone 9 72 hours” 
leachate analysis 
 
Analyte Todilto Limestone Analysis 
 (g analyte in 100 g powdered 
rock) 
Reagent Added to 
Solution (g) 
Solution Analysis  
(g analyte/L) 
Al 0.43  0.25 
Ca 25  5 
K 0.16  5 
Na 0.03 37.6 22 
V 0.184  0.06 














APPENDIX L  MASS BALANCE CALCULATIONS:  
TOLDILTO LIMESTONE O3 INJECTED LEACH EXPERIMENTS 5 AND 7 
 
Mass balance calculations were performed to determine accuracy of the Br-PADAP method and 
determine recovery for Todilto Limestone ozone injected leach experiments 5 and 7.  The 
calculations were based on results of fluorometric analyses performed on leach solutions and 
solid residues provided by Hazen Laboratories.  The fluorometric analysis reports are presented 
in Figure L-1 and Figure L-2 
 
Using Solids 
The 100 grams of unleached < 149 μm Todilto Limestone contained 0.594 g U3O8. The 100 
grams Todilto Limestone ozone injected leach experiment 5 residue contained 0.191 g U3O8.  
 The recovery for the Todilto Limestone ozone injected leach experiment 5 was calculated as: 
1-(0.191 g/0.594 g) = 68%. 
  The Todilto Limestone ozone injected leach experiment 5 residue was re-leached for the 
Todilto Limestone ozone injected leach experiment 7 experiment, which resulted in 100 grams of 
residue containing 0.091 g U3O8.  Overall recovery calculated from the solid resides for Todilto 
Limestone ozone injected leach experiments 5 and 7 was calculated as: 
 1-(0.091 g/0.191 g)= 85%. 
 
Liquid Mass Balance 
 The Todilto Limestone ozone injected leach experiment 5 produced one liter of leachate 
containing 0.407 g U3O8.  The recovery for the Todilto Limestone ozone injected leach 
experiment 5 was calculated as 1- [ (0.594 g -0.407 g) / 0.594 g)]= 69%. The residue from the 
Todilto Limestone ozone injected leach experiment 5 was washed, which removed 0.067 g U3O8.  
The Todilto Limestone ozone injected leach experiment residue was re-leached for the Todilto 
Limestone ozone injected leach experiment 7 which produced one liter of leachate containing 
0.05 g U3O8.  Overall recovery was calculated from the uranium contained in the Todilto 
Limestone minus the uranium contained in the solutions as:  
1 – [ (0.594 g – (0.407 g+ 0.067 g + 0.05 g)) / 0.594 g] = 88%. 
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Figure L-1 Fluormetric Analysis Results of Leach Solutions [Todilto Limestone ozone injected 
leach 4 (t=6 hours, t=48 hours); Todilto Limestone ozone injected leach 5 (t=0.16 hours, t=9 
hours, t=72 hours); Todilto Limestone ozone injected leach 7 (t=72 hours).  The Todilto 
Limestone is referred to as ‘Zia’ in this report. 
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Figure L-2 Fluormetric Analysis Results of Todilto Limestone and Todilto Limestone Ozone 
injected leach 5 residues; Todilto Limestone ozone injected leach 7 residues. The Todilto 




APPENDIX M EVALUATION OF ‘ZUN ZUN’ REGRESSION ANALYSIS 
 
The data from experiment Todilto Limestone Air Injected Leach 1 was analyzed using the ‘Zun 
Zun’ regression analysis software using equation 5.1 100*[1-EXP(-a*(X
b
)].  The following 
coefficients were obtained: a= 0.145 , b= 0.3019 
 
The coefficients were used in equation 5.1 to determine the ‘model data’.  The a and b 
parameters were increased and decreased by 5%.  These values were subtracted from the 
experimental data (Ypred-Ymeas)  for each case (increase a 5%, decrease a 5%, increase b 5%, 
decrease b 5%).  The differences (Ypred-Ymeas) were squared and summed.   In addition, the 
experimental values were squared and summed.  As the sum of the squares of the increased a and 
b parameters were greater than the sum of the squares of the experimental values, it was 
determined that the a and b parameters generated by the Zun Zun software were optimal. 
 
The points generated by the regression analysis (model data) are presented in Table A5-2-1. 
 
Table M-1  - Data Points Generated by the Regression Analysis 
       

















Leach 1  0.15225 0.13775 0.316995 0.286805 
 R%      
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.16 10.82 8.00 25.74 23.79 32.06 31.44 
9.00 20.34 24.53 30.24 31.68 33.36 33.74 
24.00 28.06 31.51 32.75 33.70 34.01 34.25 
48.00 35.67 37.29 34.73 35.10 34.50 34.59 

















0.00 0.00 0.00 0.00 0.00 0.00 
0.16 -2.82 14.92 12.97 21.24 20.62 
9.00 4.19 9.89 11.34 13.02 13.40 
24.00 3.45 4.69 5.64 5.96 6.19 
48.00 1.61 -0.95 -0.57 -1.17 -1.08 
72.00 1.50 -3.89 -3.57 -4.77 -4.70 
 squared     
 0.00 0.00 0.00 0.00 0.00 
 7.96 222.53 168.11 451.11 425.13 
 17.57 97.90 128.61 169.39 179.51 
 11.92 22.02 31.78 35.48 38.34 
 2.60 0.90 0.33 1.37 1.17 
 2.25 15.17 12.77 22.80 22.08 
 sum     
 42.30 358.51 341.61 680.15 666.24 












      




RECOVERY COMPUTATIONS FOR  
TODILTO LIMESTONE -O3(H-REL)// 7&8 
1) The recovery reported from the previous experiment was calculated by utilizing equation 5.1:  
 R(72 hrs.) = 100 [1  exp (0.2963 (72)
0.3567
)] = 100[1  exp(1.36220)] 
 R(72 hrs.)= 100[1  exp(1.26657)] = 100[1  0.2561] = = 74.4% 
2) The duration of the previous experiment was increased hypothetically using equation 5.1: 
 R(144 hrs.) = 100 [1  exp (0.2963 (144)
0.3567
)] = 100[1  exp(1.36220)] 
 R(144 hrs.)= 100[1  exp(1.74429)] = 100[1  0.1748] = = 82.5% 
Thus, the expected Recovery for an additional 72 hours, extrapolated by employing the regressed 
equation is then: 82.5% 
3) As shown in Figure 5.16, the recovery for this set of leaching experiments was 28.5%; 
calculated in the following manner using the 72 hour leaching time: 
 R(72 hrs.) = 100 [1  exp (0.0558 (72)
0.4195
)] = 100[1  exp(1.36220)] 
 R(72 hrs.)= 100[1  exp(0.33557)] = 100[1  0.7149] = = 28.5% 
4) The total Recovery based on the original uranium content of the Todilto Limestone being 
leached is obtained as follows: 
Total Recovery(%) = (Recovery (%) obtained during initial leach-experiment) + (% of uranium 
not recovered) x (Recovery (%) obtained during “re-leach 
experiment”)/100  
The percentage of uranium not recovered during initial leach-experiment = (100  74.4) = 
25.6% 





APPENDIX O PHOTOMICROGRAPHS OF TODILTO  




Figure O-1   SEM Photomicrograph of  < 149 μm Todilto Limestone.  Prominent white-color 










Figure O-2  SEM Photomicrograph of  < 149 μm Todilto Limestone.  Prominent grey/white-
color entity at center is a grain (50  μm) of calcite.  White spots are representative of 








Figure O-3  SEM Photomicrograph of  residue from Todilto Limestone O3-injected leach 
experiment 6 .  Prominent white-color entity at center is probably a grain (20  μm) of 












Figure O-4  SEM Photomicrograph of  residue from Todilto Limestone O3-injected leach 
experiment 6 .  Prominent white-color entity at center is a grain (5  μm) of lead 





Figure O-5 SEM Photomicrograph of residue from Todilto Limestone O3-injected leach 
experiment 6 .  Light-grey angular entity at center is a grain (20  μm) of barium 
containing material, which is probably barite.  
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APPENDIX P  
 URANIUM LEACHATE ANALYSIS RECOVERY % DATA 
 
Table P-1 - Uranium Leachate Concentration Data and Recovery % Data 
(Synthetic UO2 Leaching Experiments) 
 
% 





























0.16 0.0 0.0 0.0 0.0 0.0 1.4 0.6 0.9 1.4 0.0 0.0 
0.5 0.1 0.0 0.0 0.0 0.0 1.4 1.9 1.6 4.0 2.1 3.5 
0.75 0.4 0.0 0.0 0.0 0.0 1.4 1.9 2.0 2.4 3.5 4.7 
1 0.7 0.0 0.0 0.0 0.0 1.4 2.5 3.6 2.8 6.5 7.3 
2 1.2 0.4 2.3 2.4 0.0 2.3 3.0 7.0 7.1 11.8 16.1 
4 2.7 4.0 3.6  4.9 4.5 6.3 10.6 18.2 25.9 29.1 
6 3.9 5.3 4.5 6.3 6.6 6.2 7.2 17.1 23.6 32.9 44.6 
10 5.7 6.6 5.3 6.9 8.8 8.8 9.8 26.4 28.2 58.8 71.0 
24 6.5 8.3 9.2 9.5 11.6 14.9 16.2 50.5 58.8 94.4 100.4 





Table P-2 - Uranium Leachate Concentration Data and Recovery % Data 






























recovery            
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.16 16.7 15.7 10.8 17.4 11.4 9.9 24.5 12.3 5.8 10.4 14.2 16.6 
9 24.7 19.4 20.3 27.4 25.4 19.9 43.5 50.9 12.9 14.9 35.3 40.9 
24 42.7 38.7 28.1 34.7 38.7 39.9 57.7 64.2 15.9 17.9 56.9 66.5 
48 46.8 42.7 35.7 38.7 42.7 41.9 69.8 66.1 23.3 23.8 75.0 75.0 
72 50.8 50.8 39.5 42.7 46.8 43.8 79.9 69.9 30.7 29.7 78.6 75.0 
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APPENDIX Q   METHODOLOGY FOR DEVELOPMENT OF RATE-EQUATION 
 Initial attempts to utilize ‘classic’ conversion-time expressions (leaching-rate equations) 
to evaluate the data acquired from the batch leaching experiments produced less than optimal 
results.  Levenspiel (1972) proposed the following rate equations: 
 
1) The chemical-kinetics control model (i.e. Rate-Limiting step in a sequential reaction-rate 
mechanism): 
k1 t = 1 − (1 − R )
1 / 3
   0 ≤ t ≤ 1/k1 •••••••••••••••••••••••••••• (Q-1)   




2) The fluid-phase mass-transfer control model (i.e. rate-limiting step in a sequential reaction-
rate mechanism) 
k2 t = 1 − (1 − R )
2 / 3
 0 ≤ t ≤ 1/k2  •••••••••••••••••••••••••••••• (Q-2)  
In which, k2 is the “rate parameter” for this case and ‘R’ represents fractional recovery.  
The data from the batch leaching experiments was plotted using equations  Q-1 and Q-2.  The 
first order approximation plots of the data obtained from the batch leaching experiments are 
presented in Figures Q-1 to Q-4. 
 
 It was expected that the relationship between the kinetic dependence of leaching time for 
the (uniform size) spherical synthetic uranium particles should be linear, if the models were to be 
useful in describing the leaching-rate behavior. This linear relationship is graphically illustrated 









Figure Q-1 – UO2 leach data plotted as a function of time (chemical-kinetics control model) 
 
 
Figure Q-2 – UO2 leach data plotted as a function of time (mass-transfer control model) 
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Figure Q-3 – Todilto Limestone leach data plotted as a function of time  
(chemical-kinetics control model) 
 
 
Figure Q-4 – Todilto Limestone leach data plotted as a function of time 




Figure Q-5 – Kinetic leaching data as a function of time 
Source: Havlik (2008) 
 
 
 Figures Q-1 through Q-4 demonstrate that the first order approximation approach 
utilizing the ‘classic’ leaching-rate equations did not yield a linear fit for most data sets.  A linear 
relationship can be observed in the case of  Synthetic UO2 Ozone Injected Experiment #4, (Figure 
Q-2) but the last two data points (24 and 48 hours) could not be included because the equation 
[1-(1-R)
2/3
] produced non-real numerical results. 
 
 
 
